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ABSTRACT
This thesis aims to unravel the origin and tectonic evolution of fore-arc basement terranes 
in Zealandia. The study is focussed on Permian to Lower Cretaceous volcanic and 
volcaniclastic rocks from several terranes in New Zealand and New Caledonia. The results 
provide new constraints on the timing, provenance, palaeogeography, and tectonic setting 
of the sedimentary basins, as well as establishing the cyclic nature of arc magmatism in 
Zealandia. Ultimately, the thesis provides insights into geodynamic processes associated 
with basin formation and arc magmatism along the eastern Gondwanan margin.
The origin of basement terranes in New Caledonia (Téremba, Koh-Central, and Boghen 
terranes) is constrained by >2000 new concordant U/Pb ages and trace-element data 
from detrital zircons. Results show abundant pre-Mesozoic zircon ages, but a lack of early 
Permian to Middle Triassic ages. The results indicate that detritus was derived from a local 
Paleozoic continental fragment that was rifted from the Gondwanan margin prior to the 
initiation of Permo-Triassic magmatism in eastern Australia. This implies that the dispersal 
of the eastern Gondwanan margins might have started already in the early Permian, much 
earlier than previously thought.
The Brook Street Terrane in South Island, New Zealand, was investigated by geological 
mapping in the Takitimu Mountains and U–Pb zircon petrochronology. Results suggest that 
this terrane was an oceanic arc during the early Permian, possibly during a phase of trench 
retreat and back-arc extension. New constraints on the timing of hypabyssal intrusive rocks 
(White Hill Intrusive Suite; 288.6 ± 6.0 Ma) coincide with the inferred biostratigraphic age of 
the Takitimu Group (290.1–272.3 Ma), and is substantially older than the age of the Longwood 
Suite magmatism (261–252 Ma) in the nearby Median Batholith. The White Hill Intrusive 
Suite, therefore, is spatially and temporally linked to the allochthonous Brook Street Terrane, 
which was amalgamated to the Gondwanan margin between 288 Ma and 261 Ma. Detrital 
zircon age spectra from the upper Permian to Middle Jurassic volcaniclastic successions 
match magmatic pulses in the adjacent Tuhua Intrusives, indicating that following terrane 
amalgamation, the Brook Street Terrane became a fore-arc basin.
Detrital zircon data from the Murihiku Terrane, Dun Mountain-Maitai Terrane, and Kaka 
Point Structural Belt, show age spectra that match magmatic pulses in the adjacent Tuhua 
Intrusives (Median Batholith). Based on the cross-terrane and localized provenance links, 
we suggest that the Brook Street, Murihiku and Dun Mountain-Maitai terranes represent 
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the proximal and distal parts of the same fore-arc basin along the Gondwanan margin. In 
the Murihiku Terrane, a change in the provenance of the detrital zircon, at 235–230 Ma, 
is indicated by a prominent change in the trace-element compositions (Th/U, Zr/Hf, U/Yb, 
Eu/Eu*, and zircon crystallization temperature). This change was coeval with the transition 
from the Longwood to Darran Suite magmatism in the Median Batholith. During this short 
period, at 235–230 Ma, magmatism, deformation, and uplift of basement rocks affected 
New Caledonia and eastern Australia (Hunter-Bowen Orogeny), thus suggesting that the 
Gondwanide Orogen was subjected to a large-scale secular change associated with a plate 
reorganization event.
The cyclic nature of arc magmatism in Zealandia was investigated by combining detrital 
zircon geochronology with trace-element and new Hf isotope data. Zircon grains dated 360–
160 Ma from New Zealand have a juvenile Hf isotope signature with temporal variations that 
suggest a geodynamic link to eastern Australia. During the Late Permian to Middle Triassic 
Gondwanide Orogeny, foreland basins were developed along the Gondwanan margin, and 
the oceanic Téremba Terrane arc (New Caledonia) was accreted. This arc accretion is 
reflected in a mix of juvenile and evolved Hf isotope signatures in 245–185 Ma zircon grains 
from New Caledonia.
Based on the findings of this thesis, it is concluded that the evidence for proximal Zealandia 
sources for fore-arc basement terranes in Zealandia do not support (1) models that have 
invoked more distant or exotic sources, and (2) periods of margin-parallel tectonic transport to 
their present New Zealand position. Detrital zircons contain a reliable record of geodynamic 
processes occurring within the Zealandia continent, and are generally compatible with 
geodynamic processes record in east Australia. The demonstrated links between detrital 
zircon geochemistry and various geodynamic processes highlight its potential as an important 
tool in understanding the evolution of accretionary orogenic belts. 
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INTRODUCTION
Land topography and ocean bathymetry of the world, highlighting the location of the Zealandia continent in 
the southwest Pacific Ocean (outlined in red).
Zealandia
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FOREWORD: INTRODUCTION
This chapter provides information on the aim and scope of the thesis, as well as the 
working hypothesis and key research questions that was developed in collaboration with my 
supervisor Gideon Rosenbaum. 
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1. INTRODUCTION
1.1. ABSTRACT 
This thesis focuses on the Paleozoic–Mesozoic evolution of the eastern Gondwanan margin 
in the southwest Pacific region, and aims to elucidate the geodynamic processes that take 
place along convergent plate margins during orogenesis. Many previous workers have 
characterized the temporal geochemical history of magmatism and crustal growth within 
this broad accretionary orogenic system during the Paleozoic–Mesozoic but relatively little 
attention has been given to the ‘Zealandian’ component of eastern Gondwana. This study 
investigates several fore-arc basement units now preserved in New Caledonia (Téremba 
and Koh-Central terranes) and New Zealand (Brook Street, Murihiku, Dun Mountain-Maitai 
terranes and Kaka Point Structural Belt). In this thesis, fieldwork and extensive U–Pb 
geochronology and geochemistry (trace-element and hafnium isotope compositions) of 
zircon from sedimentary and igneous rocks are used to provide insight into the origin and 
tectonic position they occupied during formation, and establish the geodynamic process 
(i.e., episodes of arc magmatism/flare ups and deformation) occurring along the Gondwana 
margin. The demonstrated links between zircon geochemistry and various geodynamic 
processes highlight its potential as an important tool in understanding the evolution of 
accretionary orogenic belts.
1.2. INTRODUCTION
Accretionary orogens provide a record of continental growth along convergent plate 
boundaries. Arc magmatism and crustal growth within an accretionary orogen is often 
episodic, involving short-lived, high volume magmatic events  (flare ups) intermitted by 
periods of steady low-volume magmatic lulls (Ducea et al., 2015). The driving mechanism 
for such cyclic behaviour is still debated, with available explanations involving external or 
internal processes. External processes are associated, for example, with changes in mantle 
flow or convergence rate, slab rollback/breakoff, enhanced plate coupling and/or collision of 
exotic blocks (e.g. Lister et al., 2001; Collins, 2002a, b; Beltrando et al., 2007; Kemp et al., 
2009; Aitchison and Buckman, 2012; Paterson and Ducea, 2015; Ducea et al., 2015; Kirsch 
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et al., 2016; Chapman et al., 2017; Chapman and Ducea, 2019). Internal feedback are, for 
example, arc foundering (e.g. Dewey, 1988; Decelles et al., 2009; Currie et al., 2015; Lee 
and Anderson, 2015; Wang and Currie, 2015). As such, establishing the secular temporal, 
geochemical, and tectonic/geodynamic evolution of accretionary orogens remains an import 
challenge in Earth Sciences.
The paleo-Pacific margin of Gondwana (also referred to as Terra Australis Orogen; Fig. 
1.1a) represents one of the most extensive accretionary orogenic belts in the history of Earth 
(Cawood et al., 2005, 2011). It was established as a passive margin in the Neoproterozoic, 
following the breakup of Rodinia (e.g. Li and Powell, 2001; Cawood et al., 2005), and 
became the site of long-lived subduction processes from the early Paleozoic to the middle 
Cretaceous (Glen 2005; Cawood et al., 2011; Rosenbaum 2018). Many previous workers 
have characterized the temporal geochemical history of magmatism and crustal growth within 
this broad accretionary orogenic system (e.g. Collins 2002a, b; Kemp et al., 2009; Cawood 
et al., 2011; Aitchison and Buckman, 2012; Pepper et al., 2016; Hoy and Rosenbaum, 
2017; Nelson and Cottle., 2017, 2018), but relatively little attention has been given to the 
‘Zealandian’ component of eastern Gondwana. Zealandia remains a problematic piece of the 
Gondwana jigsaw puzzle (Fig. 1a, b), because (1) the vast majority (94%) of the continent is 
submerged beneath the southwest Pacific Ocean (Mortimer et al., 2017), and (2) it has been 
dispersed and fragmented by multiple phases of deformation that culminated in the opening 
of the Tasman and Coral seas (Gaina et al., 1998a,b; Sutherland et al., 2001; Crawford et 
al., 2003; Seton et al., 2012; Matthews et al., 2015).
The islands of New Zealand and New Caledonia represent the only exposed segments 
of the Zealandia continent (Fig. 1.1b). They are composed of arc-sourced clastic and 
volcanic rocks (‘Central Arc Terranes’; Adams et al., 2007) and low-grade metasedimentary 
successions that represent accretionary complex terranes (Eastern Province; Figs. 1.1b, 
1.2). How these terranes are tectonically related to each other, and what was their original 
position and origin (allochthonous vs. parautochthonous origin) along the east Gondwana 
margin, is still debated (e.g., Coombs et al., 1976; Ballance and Campbell, 1993; Roser and 
Coombs, 2005; Adams et al., 2005, 2007, 2009a,b,c; Cluzel et al., 2012). Furthermore, it 
remains unclear whether these terranes record similar geodynamic process (i.e., episodes 
of arc magmatism/flare ups and deformation) evident in equivalent Paleozoic to Mesozoic 
rocks in eastern Australia and Antarctica (Figs. 1.1a, b).
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Limited U–Pb detrital zircon data from the Paleozoic to Mesozoic Central Arc Terranes in 
New Zealand (Adams et al., 2002, 2007) and New Caledonia (Adams et al., 2009c; Cluzel 
et al., 2010) have focused mainly on U/Pb zircon crystallization ages. Such data, while 
providing information on the timing of magmatism, cannot be used to determine spatio-
temporal variations in the geodynamic processes along the eastern Gondwana margin. 
Zircon trace-element geochemistry is increasingly being used as a tool to identify crustal-
scale to local metamorphic and magmatic processes operating during grain crystallisation, 
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Figure 1.1: a. Palaeographic reconstruction of supercontinent Gondwana during the Paleozoic-Mesozoic, and 
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and further distinguish zircon provenance (e.g. Rubatto 2002; Belousova et al., 2002; 
Grimes et al., 2007, 2015; Barth et al., 2013; MaKay et al., 2018; McKenzie et al., 2018). 
Conversely, fluctuations in hafnium (Hf) isotope compositions through time has been linked 
to the tectonic evolution of magmatic arcs (e.g., Kemp et al., 2009; Chapman et al., 2017). 
The provision of such additional datasets from these terranes could help establish (1) the 
origin and tectonic setting of sedimentary basins, (2) the nature of arc magmatism recorded in 
the Zealandia continent, and (3) along-strike spatio-temporal variations in the geochemistry 
of arc magmatism. Ultimately, this approach could provide an insight into the Paleozoic 
and Mesozoic reconstruction of the eastern Gondwana margin, including switches from 
contractional/advancing phases to extensional/retreating arc systems.
Murihiku Terrane 
Dun Mountain - Maitai Terrane
40°S
32°S
28°S
42°S
170°E 172°E
0 100
km
Christchurch
Southern South Island region
Alpine Fault
Alp
ine
 Fa
ult
Eastern Province (New Zealand) Eastern Province (New Caledonia)
Torlesse Terrane (Pahau Terrane)
Torlesse Terrane (Rakaia Terrane)
Caples Terrane
Waipapa Composite Terrane
Torlesse Terrane (Composite 
Terranes Kaweka and Esk Head 
Melange)
Western Province (allochthonous 
continental fragments of Gondwana) 
Tuhua Intrusives (Devonian - 
Early Cretaceous plutonic and volcanic 
rocks)
Buller Terrane
Samples used in this 
study
Brook Street Terrane 
Dun Mounatin-Maitai Terrane
Murihiku Terrane
Takaka Terrane
Téremba Terrane
Koh-Central Terrane
Boghen Terrane
a
c
Nouméa165°E
21°S
22°S
0 100
km
b
Rakaia 
Terrane
Kaweka Terrane
Periods of 
magmatism 
in the Tuhua 
       Intrusives
Pahau Terrane
New Zealand
Geological 
time (Ma)
Tectonic terranes of Zealandia
Cambrian
Ordovician
Silurian
Devonian
Permian
Triassic
Jurassic
Cretaceous
Carb-
oniferous
500
300
200
100
400
Tu
hu
a
 In
tr
us
iv
es
B
ro
ok
 S
tre
et
 T
er
ra
neTa
ka
ka
 T
er
ra
ne
B
ul
le
r T
er
ra
ne
M
ur
ih
ik
u 
Te
rr
an
e
M
ai
ta
i T
er
ra
ne
C
ap
le
s 
Te
rr
an
e
W
ai
ap
a 
Te
rr
an
e
To
rle
ss
e 
C
om
po
si
te
 
Te
rr
an
e
Te
re
m
ba
 T
er
ra
ne
K
oh
-C
en
tra
l T
er
ra
ne
B
og
he
n 
Te
rr
an
e
New 
Caledonia
K
ak
a 
P
oi
nt
 
S
tru
ct
ur
al
B
el
t
Figure 1.2:  a. Tectonostratigraphic map of New Zealand from Edbrooke et al. (2015). b. Tectonostratigraphic 
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1.3. AIMS AND OBJECTIVES
The aim of the thesis is to unravel the origin and tectonic history of Paleozoic to Mesozoic 
continental crust that now resides in New Zealand and New Caledonia. As the majority of the 
Zealandia continent is submerged, establishing the origin and tectonic position of exposed 
continental crust has significant implications for understanding the major geodynamic 
processes that shaped the eastern Gondwana margin during the Paleozoic to Mesozoic. For 
example, research on the origin of the Zealandian crust can help addressing the question 
whether eastern Gondwana was subjected to distinct orogenic cycles that affected the entire 
continental margin. To achieve the aims of the thesis, I collected new field observations from 
the Paleozoic to Mesozoic Central Arc Terranes of New Zealand (Brook Street, Murihiku, 
Dun Mountain-Maitai terranes and Kaka Point Structural Belt) and New Caledonia (Téremba 
and Koh-Central terranes), and obtained U/Pb magmatic and detrital zircon ages, trace-
element compositions, and zircon Hf isotopes. These new data are used to achieve the 
following objectives: 
(1) constraining the emplacement ages of igneous suites and depositional ages of   
 sedimentary units;
(2) establishing the magmatic source regions (provenance) that supplied detritus to   
 these terranes;
(3) determining spatio-temporal relationships (cross terrane provenance links) between  
 terranes; and, 
(4) elucidating the evolution and cyclic nature of arc magmatism in Zealandia.
1.4. WORKING HYPOTHESIS
The working hypotheses for this thesis are (1) Paleozoic to Mesozoic Central Arc Terranes 
in New Zealand and New Caledonia occupied different tectonic settings and positions along 
the Gondwana margin, and (2) variations in detrital zircon trace-element composition and Hf 
isotope compositions reflect spatial (e.g., vertical) and secular variations in arc magmatism 
linked to changes in subduction geodynamics along the east Gondwana margin. The working 
hypothesis is based on the recognition that magmatism within an accretionary orogen is 
often controlled by orogenic cycles (e.g., distinct events of intense arc magmatism and/
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or contractional deformation). This episodic behavior could be attributed to plate coupling 
and/or crustal extension in response to different geodynamic processes (e.g. contractional/
advancing or extensional/retreating arc systems) or terrane accretion. To investigate the 
working hypotheses, I will present spatio-temporal geochronological and geochemical 
constraints within and between these terranes. Ultimately, the research could help unravelling 
the tectonic history and geodynamic processes that shaped the eastern Gondwana margin.
1.5. SCOPE OF THESIS 
The thesis focuses on two key areas that preserve Paleozoic to Mesozoic arc-related terranes 
in Zealandia: (1) the island of New Caledonia, and (2) the southern South Island region of 
New Zealand (Fig. 1.2). These areas were chosen due to the well-exposed outcrops of 
the Paleozoic to Mesozoic arc-related terranes. Research involved fieldwork, petrography, 
structural analysis, and extensive U–Pb geochronological and geochemical (trace-element 
and Hf isotope compositions) investigations of zircon from magmatic and sedimentary 
rocks. The new data complement previous studies on these rocks, which focussed mainly 
on the petrography, petrochemistry, Nd isotopic composition, and U–Pb detrital zircon 
geochronology.
1.6. THESIS LAYOUT
This thesis is written as a ‘thesis by publication, and as such, chapters between 2 and 6 are 
written as independent research articles. Therefore, there are some repetitions in the text 
and in the illustrations. A brief summary of the content in each chapter is given below. 
Chapter 2 presents results from an extensive U–Pb geochronological study of detrital zircons 
from the Téremba and Koh-Central terranes in New Caledonia. The results provide a robust 
maximum age constraint for deposition and insight into the provenance and tectonic setting 
of each of the New Caledonian basement terranes. The spatio-temporal relationships with 
respect of each basement terrane and connectivity or isolation of New Caledonia relative to 
the rest of Gondwana are discussed. 
Chapter 3 presents data of detrital zircon from the Murihiku Terrane, southern South Island, 
New Zealand. Similar to chapter 2, extensive U–Pb geochronology of detrital zircon is used 
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to provide a robust maximum age constraint for deposition and insight into the provenance 
and tectonic setting of the Murihiku Terrane. In addition, this chapter also provides an 
innovative way for handling trace-element data of zircon, which is shown to provide insight 
into the evolution of the magmatic arc that supplied detritus to the basin.  
Chapter 4 presents U–Pb geochronology of detrital zircons from the Dun Mountain-Maitai 
Terrane and Kaka Point Structural Belt from the southern South Island region, New Zealand. 
U–Pb geochronology of zircon and corresponding trace-element compositions are used 
to establish the provenance of these terranes. In addition, zircon ages and trace-element 
compositions are compared with equivalent Permian to Triassic successions in the Murihiku 
and Brook Street in order to establish cross-terrane provenance links. 
Chapter 5 presents a new geological map of the Brook Street Terrane in the Takitimu 
Mountains, southern South Island, New Zealand. This is complemented by new U–Pb zircon 
age constraints from intrusive magmatic suites, as well as new U–Pb detrital zircon ages 
and corresponding zircon trace-element concentrations of Permian to Jurassic sedimentary 
successions and river sediments. The data from the intrusive magmatic suites are used to 
refine the age constraints for arc accretion of the Brook Street Terrane. The detrital zircon 
ages and trace-elements are used to establish information on the tectonic setting and 
provenance. 
Chapter 6 presents a comprehensive trace-element dataset of detrital zircon dated 360–140 
Ma from Central Arc Terranes in New Zealand (Brook Street, Murihiku, Dun Mountain-Maitai 
terranes and Kaka Point Structural Belt) and New Caledonia (Téremba and Koh-Central 
terranes). This dataset is complemented by new Hf isotope analysis of zircon grains from 
these terranes. The combination of detrital zircon ages, trace-element compositions, and 
Hf isotopes from New Zealand and New Caledonia allow us to better understand the cyclic 
nature and geodynamic processes associated with Paleozoic to Mesozoic arc magmatism 
and crustal growth processes along the Gondwana margin. 
Chapter 7 summaries the conclusions drawn from this thesis, provides brief reflections on 
relevant key issues, and discusses several possible topics for future works. 
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CHAPTER 2
 PERMIAN RIFTING AND ISOLATION OF NEW CALEDONIA: 
EVIDENCE FROM DETRITAL ZIRCON GEOCHRONOLOGY
Late Triassic volcaniclastic successions of the Téremba Terrane, New Caledonia. 
(Location: Ile Ducos)
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FOREWORD: CHAPTER 2
This chapter provides constraints on the provenance, tectonic setting and evolution of 
Paleozoic–Mesozoic Téremba and Koh-Central terranes in New Caledonia using detrital 
zircon geochronology. Uri Shaanan, Dominque Cluzel and Pierre Maurizot helped 
with fieldwork in New Caledonia. Gang Xia assisted with the making of thin sections for 
petrographic investigations. Charlotte Allen helped with lab work and processing of LA-
ICP-MS zircon data. Earlier versions of this chapter have been reviewed by Uri Shaanan, 
Gideon Rosenbaum, Dominique Cluzel and Pierre Maurizot. This chapter has been slightly 
modified, based on a paper published in Gondwana Research co-authored by Uri Shaanan, 
Gideon Rosebaum, Charlotte Allen, Dominique Cluzel and Pierre Maurizot. Comments on 
the manuscript by Cassian Pirard are also acknowledged. 
Campbell, M. J., Shaanan, U., Rosenbaum, G., Allen, C. M., Cluzel, D., and Maurizot, 
P., 2018, Permian rifting and isolation of New Caledonia: Evidence from detrital zircon 
geochronology: Gondwana Research, v. 60, p. 54–68.
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2. PERMIAN RIFTING AND ISOLATION OF NEW CALEDONIA: EVIDENCE 
FROM DETRITAL ZIRCON GEOCHRONOLOGY
2.1. ABSTRACT 
The island of New Caledonia is the second largest rock exposure of the continent Zealandia. 
The New Caledonian basement rocks have been interpreted as representing a late Paleozoic 
to Mesozoic intra-oceanic arc system that was possibly correlative to contemporaneous 
terranes in eastern Australia and New Zealand. In order to understand tectonic relationships 
between the basement rocks of New Caledonia and other eastern Gondwanan terranes, 
we obtained >2200 new U/Pb ages of detrital zircon grains from New Caledonia. Our new 
results, combined with a synthesis of previously published geochronological data, show 
abundant pre-Mesozoic zircon ages, but an absence of early Permian to Middle Triassic 
ages, which are characteristic of eastern Gondwana magmatism. The results thus suggest 
that the detritus of the New Caledonian basement was derived from a local Paleozoic 
continental fragment that was rifted from the margin of Gondwana, most likely in the early 
Permian. The results imply that dispersal of the Gondwanan margins started earlier than 
the Late Cretaceous opening of the Tasman and Coral seas, consistently with the Mesozoic 
endemism of both New Caledonia and New Zealand. 
2.2. INTRODUCTION
Phanerozoic subduction along the Gondwanan margins produced one of the most extensive 
orogenic belts in the history of Earth (Terra Australis; Cawood, 2005). Along the margin 
of eastern Gondwana, subduction-related tectonostratigraphic units constitute the crustal 
basement of both eastern Australia (Tasmanides; Glen, 2005; Rosenbaum, 2018) and the 
continental basement of the southwest Pacific region (Fig. 2.1; Zealandia; Mortimer et al., 
2017). The continuity of this plate margin has been disrupted by a number of major phases of 
deformation that culminated in the opening of the Tasman and Coral seas and the oceanward 
dispersal of continental fragments of Zealandia (Gaina et al., 1998a,b; Sutherland et al., 
2001; Crawford et al., 2003; Seton et al., 2012; Matthews et al., 2015).
13
Chapter 2
0 1000km
Active plate boundary 
Dredge samples correlated 
with the New England 
Orogen (NEO) and Median 
Batholith
Dredge samples 
Tasmanides
New England Orogen 
East Australian Rift System
(EARS)
New Zealand terranes
New Caledonia terranes 
(Téremba , Koh - Central, 
Boghen terranes)
Western Province
Buller, Takaka Terranes
Median Batholith
Tahua Intrusives
Eastern Province
Caples, Torlesse 
Composite, Waipapa 
Composite Terranes
Brook Street, Murihiku, 
Dun Mountain - Maitai 
Terranes
Mossman Orogen 
Lachlan Orogen 
Delamerian-Thomson  
Orogen 
Axis of Early Mesozoic 
magmatic arc through 
the southwest Pacific
Non-Active plate 
boundary 
Inferred plate boundary
Continental crust 
limits
?
?
?
270 Ma 
plutonic rocks
Metasediments correlated 
with the New England 
Orogen
Dredge samples from the 
Taranaki Basin correlated 
with eastern province 
terranes of New Zealand
335 Ma 
Granite
146 & 
247 Ma 
plutonic
rocks
97 Ma 
syn
-rift 
rhyolite
Lord
Howe 
Rise
97, 74 Ma syn-rift 
volcanic rocks
230-170 Ma 
granitic detritus
Tasman Sea 
Pacific Ocean
Tasmanides
North 
Australian 
Craton
South
Zealandia
North
Zealandia
Campbell 
Plateau
Chatham 
Rise
South FIji
Basin
Lau
Basin
North FIji
Basin
Coral Sea
         
Challenger 
Plateau
New 
Caledonia 
Fiji 
Samoa
New 
Zealand  
New Caledonia Basin
D
am
pier R
idg e
160°E
20°S
30°S
40°S
50°S
170°E 180°E
Hik
ur
an
gi
 T
re
nc
h
Ke
rm
ad
ec
 T
re
nc
h
Ke
rm
ad
ec
 R
id
ge
C
ol
vi
lle
 R
id
ge
La
u 
R
id
ge
H
av
re
 T
ro
ug
h
Ke
rm
ad
ec
 T
re
nc
h
To
ng
a 
Tr
en
ch
Solomon Ridge
N
ew
 H
ebrides Ridge
Ontong Java 
Plateau
Vitiaz Tren ch
Melanesian Border
Plateau
Norfolk R
i dge
W
est N
orfolk Ridge
Queesnland 
                Plateau
Marion             
Plateau
Chesterfield 
Plateau
Pocklington Trough
Res olu
tion
 Ri
dge
Pu
ys
eg
ur
 Tr
en
ch
Emerald
Basin
Fairway Ridge
Loyalty Ridge
Delamerian-
Thomson 
Orogen
E
    A
        R
          S
Lachlan
Orogen
Mossman 
Orogen
N
ew
 England O
rogen
Figure 2.1: Bathymetric map of the southwest Pacific region showing major tectonic elements and domains.
The continental crustal basement of the southwest Pacific region is almost entirely submerged 
and/or covered by younger sedimentary rocks. The island of New Caledonia constitutes the 
second largest exposure (after New Zealand) of Gondwanan basement in the southwest 
Pacific region (Fig. 2.1). Nevertheless, the connectivity or isolation of New Caledonia relative 
to the rest of Gondwana, and the exact tectonic setting of the New Caledonian basement 
terranes (i.e. the overall configuration of the paleo-subduction boundary), have remained 
relatively poorly constrained.
In this paper, we present new U–Pb detrital zircon geochronological data from the basement 
terranes of New Caledonia (Fig. 2.2; Téremba, Koh-Central and Boghen terranes). The 
results enable us to examine the provenance of each of the New Caledonian basement 
terranes and to discuss their spatio-temporal relationships with respect of each other and to 
the margins of eastern Gondwana. 
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2.3. GEOLOGICAL SETTING 
Prior to the opening of the Tasman and Coral seas in the Late Cretaceous (~100 Ma), 
Zealandia, Australia and Antarctica were parts of eastern Gondwana (Mortimer et al., 2017). 
Permian to Early Cretaceous supra-subduction units are recognized in eastern Australia 
(Glen, 2005) and New Zealand (Fig. 2.1; Mortimer et al., 2014; Milan et al., 2017; Mortimer 
et al., 2017), but the continuation and connectivity of these subduction units across the 
southwest Pacific remains uncertain. 
Pre-Late Cretaceous rocks that have been recovered from the submerged parts of North 
Zealandia (Fig. 2.1) include: (1) Carboniferous granite dredged from the Challenger Plateau 
(Tulloch et al., 1991); (2) Permian plutonic rocks dredged from the Dampier Ridge (McDougall 
et al., 1994); (3) Early Triassic and Late Jurassic plutonic rocks from the West Norfolk Rise 
(Mortimer et al., 1998); (4) Devonian-Cretaceous plutonic and metasedimentary rocks 
from the Taranaki Basin (Mortimer et al., 1997); and (5) Late Triassic and Early Jurassic 
rocks from the central Lord Howe Rise (Mortimer et al., 2015). In general, the submerged 
basement rocks from North Zealandia show similar ages to rocks from the Median Batholith 
in New Zealand and New England Orogen in eastern Australia (Fig. 2.1; Mortimer et al., 
2008; 2015).
New Caledonia is positioned among a series of marginal basins and volcanic arcs (Fig. 2.1; 
Fairway Ridge, New Caledonia Basin, Norfolk Ridge, and Loyalty Ridge). Two major groups 
of terranes are distributed along the length of New Caledonia. The first group includes 
Late Carboniferous to Early Cretaceous Gondwanan crustal basement terranes (Fig. 2.2a; 
Cluzel et al., 2012). The second group unconformably overlies the basement terranes, and 
consists of Late Cretaceous (Formation à charbon) to Early Eocene sedimentary units and 
a peridotite nappe (Fig. 2.2a; Cluzel et al., 2010; Cluzel et al., 2011; Cluzel et al., 2012). 
The northernmost part of the island consists of a high-pressure metamorphic belt (Koumac, 
Diahot and Pouebo units) that was metamorphosed during the Eocene (Fig. 2.2a, Clarke et 
al., 1997; Spandler et al., 2005a; Pirard and Spandler, 2017).
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Figure 2.2: Maps and sections of the study area. a. Tectonostratigraphic map of New Caledonia. b. Geological 
map of the New Caledonia basement terranes and sample localities (circles). c. Representative stratigraphic 
columns of the New Caledonia basement terranes. d. Schematic cross section (modified after Cluzel and 
Meffre, 2002) (cross section location shown on 2.2b).
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2.3.1. Basement terranes of New Caledonia 
2.3.1.1. Téremba Terrane
The Téremba Terrane is exposed in the area between Baie de Saint-Vincent and Baie de 
Téremba, and is subdivided into two units (Figs. 2.2b, c). The lower part of the stratigraphy 
is the upper Permian to Middle Triassic Baie de Téremba Group, which has an estimated 
thickness of ~1570 meters (Figs. 2.2c, d, 2.3; Mara and Moindou formations; Campbell, 
1984; Campbell and Grant-Mackie, 1984; Campbell et al., 1985). Volcanic rocks dominate 
the Téremba Group (40-60%), composed of rhyolite, dacite, andesite and minor basalt, as 
well as ignimbrite, welded tuff, volcanic breccia and pyroclastic rocks (Fig. 2.4a; Maurizot 
et al., 2018). A vitric dacite from the Baie de Téremba (Fig. 2.3) was dated at 214.3±1.5 
Ma using the K–Ar method (Paris, 1981, p. 30), but this age may be younger than the 
emplacement age due to a possible argon loss. U–Pb dating of magmatic zircon from an 
andesitic hypabyssal body in the Baie de Téremba yielded a 240±3 Ma emplacement age 
(Figs. 2.2c, 2.3; Maurizot et al., 2018). The remainder of the group consists of sedimentary 
rocks that are commonly rich in plant debris, including silicified or pyritized trunks and stems 
(Fig. 2.4b; Campbell et al., 1985). Bioclastic marine sedimentary rocks are locally rich in 
fragments of the typical prismatic shelled bivalve subfamily Atomodesmatinae (Figs. 2.4c, 
d; Campbell, 1984; Campbell et al., 1985).
The rocks of the Mara and Moindou formations are unconformably overlain by Upper Triassic 
– Lower Jurassic (Ouarai, Ouamoui, Leprédour, and Bouraké formations) and Middle 
Jurassic (Tani and Ilots Testard formations) rocks of the Baie de Saint Vincent Group, with a 
combined estimated thickness of ~1760 m (Fig. 2.2c; Campbell, 1984; Campbell et al., 1985). 
The Ouamoui and Ouarai formations are composed of very coarse, massive volcaniclastic 
conglomerate and medium- to fine-grained sandstone beds, respectively (Figs. 2.3, 2.4e, g; 
Campbell, 1984; Campbell et al., 1985). The Ouamoui Formation is unconformably overlain 
by the Leprédour Formation, a well-bedded sequence of fine- to medium-grained sandstone 
dominated by fossils of the Monotis shells (Figs. 2.3, 2.4e, f; Campbell and Grant-Mackie, 
1984; Campbell et al., 1985). The overlying Bouraké Formation and the Tani Formation were 
deposited in the uppermost Triassic (Rhaetian) – Lower Jurassic, and consist of volcaniclastic 
sandstone beds intercalated with conglomerate and debris flow deposits (Fig. 2.3; Campbell 
and Grant-Mackie, 1984; Campbell et al., 1985). The Middle Jurassic Ilot Testard Formation 
consists of medium to coarse marine volcaniclastic sandstone and conglomerate, rich in 
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wood fragments (Fig. 2.3; Meister et al., 2010).
Rocks within the Baie de Téremba and Baie de Saint-Vincent groups have been suggested 
to be derived from a proximal, calk-alkaline, intra-oceanic island arc system in a shallow 
marine, fore-arc basin, depositional setting (Campbell, 1984; Campbell et al., 1985; Meffre, 
1991; Meffre, 1995; Cluzel et al., 2012). Biostratigraphic and paleontological investigations 
021_NC
022_NC
059_NC
005_NC
061_NC
050_NC
048_NC
045_NC
046_NC
041_NC 055_NC
023_NC
TRB20
TRB21
0 10
Km
165
° 0
0’ E
165
° 5
0’ E
166
° 0
0’ E
22° 00’ S
21° 50’ S
21° 00’ S
Atomodesmatiids
Maorimonotis spp. 
Entomonotis spp. 
Heterastridium 
conglobatum
Eomonotis spp. 
Otapiria dissimilis,
Kalentera marwicki 
Sakawairhynchia 
marokopana
Clavigera bisulcata, 
Mentzelia kawhiana 
Otapiria marshalli
Parainoceramus martini
Pseudaucella marshalli
Retroceramus
Trigonopsis morgani
Meleagrinella echinata
Retroceramus inconditus
Belemnopsis sp.
Ammonoids
Cucullea wellmani, 
Psoidea australis
Psioidea nelsonensis, 
Athyris sp., Halobia sp. 
Halobia and Arcestes
Brachiopods and 
Cephalopods
Upper Manticula
 problematica level
Brachiopods and Trigoniids
Lower Manticula 
problematica level  
  
059_NC
061_NC
005_NC
046_NC
050_NC
TRB21
TRB20
045_NC 
048_NC
023_NC
021_NC
022_NC
055_NC
041-NC
032-NC
024-NC
Volcanic rocks
Sandstone Pyroclastic
Siltstone Conglomerate
Volcaniclastic
Fault
Unconformity
Fossiliferous beds 
Interlaminated
siltstone and 
sandstone
Temalkan
Heterian
Ohauan
Puaroan
Ururoan
Aratauran 
Otapirian 
Warepan
Otamitan
Oretian
Callovian
Oxfordian
Kimmeridgian
Tithonian
Bathonian
Bajocian
Aalenian
Toarcian
Pliensbachian
Sinemurian
Hettangian
Rhaetian
Early Triassic
La
te
 P
er
m
ia
n 
La
te
 T
ria
ss
ic
E
ar
ly
 J
ur
as
si
c
A
ge
 (M
a)
M
id
dl
e 
Ju
ra
ss
ic
La
te
 J
ur
as
si
c
Norian
260.0
250.0
247.0
227.0
220.0
200.0
190.0
180.0
170.0
160.0
150.0
210.0
208.5
201.3
199.3
190.8
182.7
174.1
170.3
168.3
166.1
163.5
157.3
152.1
145.0
227.0 227.5
221.0
217.0
208.5
201.3
188.9
176.0
164.3
154.5
150.0
145.0
247.2
B
ai
e 
de
 T
ér
em
ba
B
ai
e 
de
 S
ai
nt
-V
in
ce
nt
M
ar
a
M
oi
nd
ou
O
ua
ra
iO
ua
-
m
ou
i 
Le
pr
é-
do
ur
B
ou
ra
ké
 
Ta
ni
Ilo
ts
 T
es
ta
rd
 
1120
450
160
400
300
300
250
350
   
G
ro
up
Ne
w 
Ze
al
an
d 
  s
ta
ge
s
In
te
rn
at
io
na
l
  s
ta
ge
s
   
Fo
rm
at
io
n
St
ra
tig
ra
ph
ic
  t
hi
ck
ne
ss
 (m
)
   
Li
th
ol
og
y
In
de
x 
  f
os
sil
Sa
m
pl
e 
Figure 2.3: Geological map, composite stratigraphic log and sampling localities from the Téremba Terrane. 
The stratigraphic log and corresponding fossil localities are after Meister et al. (2010).
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Figure 2.4: Field photos from the Téremba Terrane (3 cm coin and 33 cm hammer shown for scale). a. 
Reworked, pyroclastic material with large, siltstone rip–up clasts. Mara Formation. (Coordinates: 21.81°S, 
165.75°E). b. Well bedded, medium to coarse grained sandstone, siltstone and minor tuff exposure of the Mara 
Formation (Coordinates: 21.75°S, 165.70°E). c. Atomodesmatinae shell fossils. d. Atomodesmatinae shell 
fossil, Mara formation (Coordinates: 21.81°S, 165.75°E). e. Unconformable contact (red dashed line) between 
the Leprédour Formation and Ouamoui Formation (Coordinates: 22.03°S, 166.05°E). f. Monotis shells in 
the Leprédour Formation (Sample 046_NC). g. Grain–supported conglomerate of the Ouamoui Formation 
(Sample 046_NC). h–i. Interbedded sandstone and siltstone turbidite sequences of the Koh–Central Terrane 
(coordinates: 21.71°S, 165.84°E and 21.69°S, 165.88°E, respectively). j. Foliated fine–grained sandstone/
siltstones of the Boghen Terrane (coordinates: 20.98°S, 165.01°E). 
have drawn tentative correlations between the Téremba Terrane to that of both the Brook 
Street and Murihiku terranes in New Zealand (Fig. 2.1; Paris, 1981; Campbell, 1984; 
Campbell and Grant-Mackie, 1984; Campbell et al., 1985; Meffre, 1995). In addition, a 
tentative geochemical correlation has been suggested for basalts in the Brook Street and 
Téremba terranes (Spandler et al., 2005b).
2.3.1.2. Koh-Central Terrane
The Koh-Central Terrane consists of an ophiolite suite (Koh Ophiolite), comprising gabbro, 
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dolerite, rare plagiogranite, island-arc tholeiite and boninitic pillow basalt (Figs. 2.2c, d; 
Paris, 1981; Campbell, 1984; Meffre, 1991; Meffre, 1995). U/Pb SHRIMP ages of primary 
zircon grains from plagiogranite in the Koh Ophiolite yielded 302±7 Ma (n=14) and 290±5 
Ma (n=14) crystallization ages (Fig. 2.2c; Aitchison et al., 1998), representing the oldest 
dated rocks on the island.
Overlying the abyssal argillite of the Koh Ophiolite is a thick deep-marine succession of 
shale, overlain by Middle Triassic to Lower Cretaceous siltstone and volcaniclastic rocks 
(Figs. 2.2c, 2.4h, i; Paris, 1981; Campbell, 1984; Meffre, 1991; Meffre, 1995; Cluzel et al., 
2010; Maurizot et al., 2018). Based on its stratigraphic characteristics and sedimentary 
facies, the Koh-Central Terrane has been suggested to represent a more distal, deeper 
offshore part of the same fore-arc basin system of the Téremba Terrane (Cluzel et al., 2012). 
2.3.1.3. Boghen Terrane
The Boghen Terrane (Fig. 2.2) is composed of schistose unfossiliferous, volcanic and 
sedimentary accretionary complex rocks (Fig. 2.4i; Cluzel and Meffre, 2002; Maurizot et al., 
2018). These rocks have been metamorphosed at lower-greenschist to blueschist-facies, with 
a westward increasing metamorphic grade (Cluzel et al., 2012). Three sandstone samples 
that have been dated using U–Pb geochronology show well-defined Early Cretaceous 
detrital zircon age populations (Cluzel and Meffre, 2002; Adams et al., 2009c; Cluzel et al., 
2010). Sedimentary rocks of the Boghen Terrane likely formed within a deep-sea fan derived 
from mixed terrigenous and volcanic arc sources, which most likely accumulated on an 
oceanic crust (Cluzel and Meffre, 2002). The schistose lithology and westward increase in 
metamorphic grade indicate that the sediments of the Boghen Terrane were likely part of a 
west-dipping subduction complex (Cluzel and Meffre, 2002; Cluzel et al., 2012).
2.4. APPROACH AND METHOLODOLGY
2.4.1. Sample preparation and analytical methods
Heavy mineral separation was done for twenty-four representative sedimentary samples 
from different stratigraphic levels from the Téremba, Koh-Central and Boghen terranes 
(Figs. 2.2b, 2.3, and Table. 2.1). Samples were washed and dried in a 40 degree oven, 
20
Chapter 2
and stepwise crushed until all material sieved through a 425 μm mesh. Clay minerals 
were washed, and magnetic minerals were removed using a Frantz Magnetic Separator. 
The non-magnetic fraction was put in a tapped funnel with methylene iodide (MEI) heavy 
liquid to obtain heavy mineral separates. Zircon grains were handpicked using a binocular 
microscope, and mounted in non-reactive epoxy resin. The mounted grains were polished to 
expose their inner sections, and imaged using both transmitted light (Zeiss AxioImager M2M 
microscope) and scanning electron microscope (Jeol JSM5410LV).
Isotopic compositions were obtained using Agilent 8800 Laser Ablation Inductively Coupled 
Plasma Mass Spectrometer (LA-ICP-MS) at the Queensland University of Technology. Data 
acquisition of 17 isotopes involved 25 seconds of background measurement followed by 
30 seconds of sample ablation in a He/Ar atmosphere using a laser beam diameter of 30 
μm. A firing rate of 7 Hz and sample fluence of about 0.6 mJ/cm2 was used at the sample 
site from an ESI New Wave Excimer Laser system with Trueline cell. A total dwell time for 
the 17 isotopes was 0.4 second, so that an ablation produced about 70 individual analyses. 
The 206Pb, 207Pb, 208Pb, 238U and 232Th masses necessary for dating were counted for half 
the analytical time (0.04 second per mass). Their ratios were calibrated against Temora-2 
(416.78±0.33 Ma; Black et al., 2004) and monitored using the Plešovice zircon (337.13±0.37 
Ma; Sláma et al., 2008) as a secondary standard. Beyond Pb, U and Th concentrations, 
elemental concentrations were determined from the following isotopes: 31P, 49Ti, 89Y, 91Zr, 
139La, 180Ta, 140Ce, 141Pr, 146Nd or 147Sm, 153Eu, 163Dy, 175Lu and 178Hf. The NIST SRM 610 glass 
standard was used to calculate trace-element concentration using Si as an internal standard 
and assuming a stoichiometric concentration of 32.8 %wt SiO2 in zircon.
Data were processed using Iolite software (Paton et al., 2011), and error correlation was done 
according to Ludwig (2003). Intervals were automatically selected and then visually edited to 
exclude, where possible, obvious inclusions based on P, Ti and La concentration patterns: 
P >1000 ppm, Ti >90 ppm or La >10 ppm. For grains younger than 950 Ma, concordance 
was taken when 206Pb/238U and 207Pb/235U ages are in agreement with propagated 2 sigma 
standard error uncertainty (Paton et al., 2010). For grains older than 950 Ma, 207Pb/206Pb are 
reported for the concordant grains. The percent common Pb and common Pb corrected ages 
were calculated using the correction that assumes that 206Pb/238U, 207Pb/235U, 208Pb/232Th and 
207Pb/206Pb should yield similar ages. Commonly, grains this old (>950 Ma) are discordant 
not because of common Pb, but due to Pb loss; therefore, correction for common Pb was not 
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Table. 2.1: Sample list for U–Pb 
geochronology samples in New 
Caledonia. 
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attempted. The ‘selected’ age for an analysis was decided as follows: for grains less than 950 
Ma, if both the corrected and uncorrected 206Pb/238U ages were deemed concordant (206Pb/238U 
and 206Pb/235U ages overlapped within given uncertainty), the one closest to concordia was 
selected, excluding grains with more than 2% of all 206Pb calculated as common. Data were 
disregarded for plotting if they had unusually large trace element concentrations of P >1000 
ppm, Ti >90 ppm or La >10 ppm, indicating the likely presence of inclusions.
Data were collected in 10 sessions on 10 days over the course of 9 months with a total 
of ~450 analyses of each of the standard materials (Plešovice, Temora-2 and NIST 610 
glass).  For an analytical session, 206Pb/238U ages for Plešovice ranged between 325.7±4.6 
and 346.7±2.7 Ma, suggesting a systematic population accuracy of about ±10 Ma for this 
material relative to Temora-2 (ratios propagated to 150 Ma indicate a systematic population 
accuracy of 5 Ma). For full details on LA-ICP-MS data acquisition and analytical results see 
Digital Appendix 1.
2.4.2. Data handling
Geochronological constraints on the time of deposition were tested against the stratigraphic 
order and biostratigraphic constraints. Maximum depositional ages were calculated following 
the following different methods provided by Dickinson and Gehrels (2009): (a) youngest 
single grain age (YSA); (b) youngest graphical age peak (YPP) controlled by the ages of 
more than one grain; (c) mean age of the youngest two or more grains that overlap in age 
at 1σ (YC1σ), (d) mean age of the youngest three or more grains that overlap in age at 2σ 
(YC2σ), and, (e) ‘youngest detrital zircon age’ generated by Isoplot 2008 (YDZ).
Detrital zircon data of samples from each terrane that consisted of overlapping constraints 
for the time of deposition were merged. Merging multiple samples is shown to address the 
naturally occurring internal variations in the proportions of age populations (e.g., Shaanan 
et al., 2018b), as well as providing a sufficient yield of zircon ages to permit terrane analysis. 
The characteristic age spectra and temporal variations within each of the different New 
Caledonian terranes were then examined through cumulative proportion curves and kernel 
density estimates (Vermeesch, 2012).
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2.5. RESULTS 
A total of 2267 new U/Pb concordant ages were obtained from 3314 analyses of 3240 detrital 
zircon grains from 18 sedimentary samples (Fig. 2.2b). Out of the 2267 new concordant 
ages, 162 were obtained for corresponding rims and cores. Detailed information on individual 
samples is provided in Table 2.1 and Digital Appendix 1.
2.5.1. Maximum depositional age constraints 
Constraints on the time of deposition of 18 samples from 7 Mesozoic formations are 
presented in Figure 2.5. With the exception of one sample (023_NC), the youngest single 
grain (YSG) of each sample consistently overlapped with the mean age of the youngest 
overlapping two (1σ) or three (2σ) ages (YC1σ and YC2σ; Table 2.2).  For the purpose 
of this work, we use the YC1σ ages as the maximum depositional age constraint (Table. 
2.2). As demonstrated by Dickinson and Grehels (2009), the determination of maximum 
depositional ages based on the multiple-grains methods (YC1σ and YC2σ) is consistently 
compatible with inferred age of deposition. In contrast, the youngest graphical peak (YPP) 
method commonly results in an overly conservative maximum depositional age, whereas 
substantial analytical uncertainties surround the use of the youngest single grain (YSG) and 
youngest detrital zircon (YDZ) age methods due to (1) a lack of reproducibility, and (2) a 
model age for which direct analytical confirmation is lacking (Dickinson and Grehels, 2009).
2.5.2. Detrital zircon age spectra and terrane analysis
In order to better understand the provenance and inferred tectonic setting of the New 
Caledonia basement terranes, we synthesized a combined geochronological dataset (total 
of 548 ages) comprising our data and earlier published data (Cluzel and Meffre, 2002; Adams 
et al., 2009c; Cluzel et al., 2010). The grouping (by inferred age of deposition) defines three 
sets of data: Group A, Late Triassic to Early Jurassic (237–175 Ma); Group B, Middle to Late 
Jurassic (175-145 Ma), and Group C, Early Cretaceous (145-100 Ma). We use this group 
terminology henceforth, and present the merged data of the groups from each terrane in 
Figures 2.6, 2.7 and 2.8.
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(n=6)
214.3±3.8 Ma
(n=4)
226.4±5.3 Ma
          (n=3)
228.0
±2.3 Ma
(n=13) 
229.8±4.5 Ma
(n=4)
201.6±2.1 Ma (n=11)
199.2±2.9 Ma
(n=8)
205.5±2.5 Ma (n=13)
216.3±2.6 Ma
(n=6)
212.8±3.9 Ma
(n=3)
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(n=13)
201.1±2.7 Ma
(n=7) 
168.1±2.5 Ma
(n=8) 
151.9±3.5 Ma
 (n=4)
2.5.3. Téremba Terrane 
Group A in the Téremba Terrane (Figs. 2.6a, b) includes samples from the Ouarai Formation 
(045_NC and 048_NC), Ouamoui Formation (055_NC), Leprédour Formation (005_NC, 
046_NC and 050_NC) and Bouraké Formation (061_NC, 023_NC), which all show maximum 
depositional age constraints between 217 to 199 Ma (Figs. 2.5, 2.6a, b). Group B in the 
Téremba Terrane is recognized in samples from the Tani Formation (059_NC) and Ilots 
Testard Formation (021_NC and 022_NC), which show maximum depositional ages between 
168 to 151 Ma (Figs. 2.5, 2.6a, b). Group C in the Terémba Terrane is recognized in samples 
002_NC, 003_NC and 004_NC (Figs. 2.3, 2.6a, b), which show maximum depositional age 
constraints of 145 Ma (Fig. 2.5).
The most prominent detrital zircon component of Group A is Triassic (62.5%), with major 
peaks at ~230 Ma and ~215 Ma, and an additional minor age population peak at ~550 Ma 
Figure 2.5: Depositional age constraints for strata in the Téremba and Koh–Central 
terranes. Timescale after Raine et al. (2015).
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Figure 2.6: Detrital zircon U/Pb age spectra of samples from the Téremba, Koh–Central and Boghen terranes. 
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samples from the Boghen Terrane. f.  Kernel density estimates for samples from the Boghen Terrane. 
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(Figs. 2.7, 2.8a). The combined age spectra of samples from Group B is characterized by 
dominant Jurassic (97.1%) peaks at ~180 Ma and ~185 Ma, and a significant decrease in 
Paleozoic (0.8%) and Proterozoic (0.4%) age components relative to Group A (Figs. 2.7, 
2.8a). Group C samples are characterized by large proportions of Jurassic (46.2%) and 
Triassic (29.5%) ages, with major peaks at ~215 Ma and ~195 Ma, and minor Paleozoic 
(14.3%) and Proterozoic (9.8%) age populations (Figs. 2.7, 2.8a).
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2.5.4. Koh-Central Terrane
Samples 009_NC, 013_NC, 015_NC, 060_
NC, 062_NC (this study), and samples 
TRB23 and NCAL15 from Adams et al. 
(2009c) belong to Group A for the Koh-
Central Terrane, with maximum depositional 
age constraints between 229 to 179 Ma 
(Figs. 2.5, 2.6c, d). Group B in the Koh-
Central Terrane has maximum depositional 
age constraints of 152–150 Ma (Figs. 
2.6c, d; Adams et al., 2009c). Group C is 
recognized in samples NCAL10 and PM118 
(Adams et al., 2009c), which have maximum 
depositional age constraints of 121 Ma and 
103 Ma, respectively (Figs. 2.6c, d).
In contrast to the Téremba Terrane, the 
merged datasets of Groups A, B, and C from 
the Koh-Central Terrane show a diverse 
range of ages in the Late Triassic-Late 
Jurassic (Groups A and B). The combined, prominent components of Group A for the Koh-
Central Terrane are Proterozoic (51.8%), with age population peaks observed at ~1110 Ma, 
~915 Ma and ~825 Ma (Figs. 2.6, 2.8b). Additional age population peaks are observed at 
~235 Ma, ~340 Ma, ~415 Ma, ~530 Ma, and ~595 Ma (Figs. 2.7, 2.8b). Other ages are less 
abundant, with 2.5% Archean ages and 17.6% Mesozoic ages (Fig. 2.7). Higher proportions 
of Mesozoic (22.2%) and Proterozoic (48.4%) ages are recognized in the combined dataset 
Figure 2.7: Proportions of detrital zircon ages 
from a compiled U–Pb geochronology dataset for 
the Téremba, Koh–Central and Boghen terranes.
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Figure 2.8: Detrital zircon age spectra of groups A, B and C within the three basement terranes. a. Kernel density 
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Kernel density estimates (solid line) and relative probability (dashed line) plots of rims (red) and cores (blue).
for Group B, with peaks at ~160 Ma, ~575 Ma, ~780 Ma and ~965 Ma (Figs. 2.7, 2.8b). The 
combined Group C samples from the Koh-Central Terrane show a major change in detrital 
zircon ages, comprising a high proportion of Mesozoic (85.2%) and Proterozoic (12.2%) 
components and no Paleozoic or Archean ages (Fig. 2.7). Two major peaks are present at 
~110 Ma and ~130 Ma (Figs. 2.7, 2.8b).
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2.5.5. Boghen Terrane 
Despite repeated attempts to generate detrital zircon data from the Boghen Terrane, yields 
from our samples were insufficient and generated separates that were under 30 µm. However, 
121 detrital zircon ages from three samples from previous studies (Cluzel and Meffre, 2002; 
Adams et al., 2009c; Cluzel et al., 2010) were incorporated in our dataset (Figs. 2.6e, f). 
Samples FTNA2 and NCAL32 show maximum depositional age constraints of 119 Ma and 
137 Ma, respectively, whereas sample NCB154 yielded an earlier maximum depositional 
age constraint of 191 Ma. 
Based on the scarce published ages above, it seems that age spectra of the Boghen Terrane 
are rather similar to those from the Koh-Central Terrane (Figs. 2.8b, c). The most prominent 
component of Group A is Proterozoic (76.6%) (Figs. 2.7, 2.8c). Other age components are 
Mesozoic (20%) and Paleozoic (3.3%) (Figs. 2.7, 2.8c). Data from Group C include 30 
concordant ages, which provide a constraint for the timing of deposition but are deemed 
insufficient for terrane analysis (Figs. 2.7, 2.8c).
2.5.6. Rims and cores of detrital zircon 
The majority of zircon grains with rims younger than 258 Ma are characterised by homogenous 
ages, whereby the core ages are similar to the rim ages (Figs. 2.8d, e). In 16 of the 69 
doubly-analysed grains from 16 samples (Table. 2.1 and Digital Appendix 1), the cores are 
significantly older (Figs. 2.8d, e). There is no dominant cluster of core age populations for 
rims younger than 258 Ma, with ages of inherited cores variably ranging between ~330 
Ma and ~1100 Ma (Figs. 2.8d, e). For rims older than 258 Ma, most grains too are age-
homogenous, with few cores that are distinctly older (Figs. 2.8d, e; 900 – 1300 Ma).
2.6. DISCUSSION
2.6.1.  Age of the New Caledonia basement
Geochronological results from the Koh-Central Terrane show that the youngest maximum 
depositional age constraints from five samples are 229-179 Ma (Fig. 2.5), thus indicating Late 
Triassic – Early Jurassic or younger deposition. Fauna observed in the Koh-Central Terrane 
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include Ammonites of the genera Hollandites (Diener), Leiophytlites (Diener), Prosphigites 
(Mojsisivics), Monotis and Inoceramus fossils (Paris, 1981; Campbell et al., 1985; Meffre, 
1991; Meffre, 1995), indicating a Middle Triassic (Anisian) to Jurassic age based on the New 
Zealand chronological chart (Raine et al., 2015), thus consistent with our results.
In contrast to the Koh-Central Terrane, age constraints from the Téremba Terrane, based 
on biostratigraphy and the New Zealand chronological chart (Raine et al., 2015), show 
inconsistencies with maximum depositional detrital zircon age constraints (Fig. 2.5). Samples 
from the Late Triassic (227.5 – 208.5 Ma) Ouarai (055_NC), Ouamoui (048_NC and 045_NC) 
and Leprédour Formation (005_NC, 046_NC and 050_NC) yielded maximum depositional 
age constraints that are significantly younger than these of the associated fauna recorded 
of these formations (Fig. 2.5; Campbell and Grant-Mackie, 1984; Campbell et al., 1985; 
Meffre, 1995). Two samples from the Upper Triassic- Lower Jurassic (Otapirian – Aratauran; 
208.5–188.9 Ma) Bouraké Formation (061_NC and 023_NC) yielded maximum depositional 
age constraints of 201.6±2.1 Ma and 214.3±3.9 Ma (n=4) (Fig. 2.5), with sample 023_NC 
being inconsistent with the suggested age of deposition.
Sample 059_NC from the Lower Jurassic (Uronian; 188.9 – 176 Ma) Tani Formation 
yielded a maximum depositional age constraint of 167.0±5.3 Ma, which is inconsistent with 
biostratigraphic constraints (Fig. 2.5; Campbell and Grant-Mackie, 1984; Campbell et al., 
1985). Two samples from the Middle Jurassic (Temalkan; 176 – 164.3 Ma) Ilots Testard 
Formation (021_NC and 022_NC) yeilded maximum depositional age constraints of 168.1±2.5 
Ma (n=8) and 151.9±3.5 (n=4) (Fig. 2.5). Samples 002_NC, 003_NC and 004_NC were 
collected from the same coherent succession in the Téremba Terrane; thus the 145.6±3.4 
Ma age from sample 003_NC is considered to represent the maximum depositional age, 
indicating a Upper Jurassic-Lower Cretaceous maximum age of deposition (Fig. 2.5). The 
maximum age constraints of samples 022_NC and 003_NC indicate that sedimentation in 
the Téremba Terrane did not end in the Middle Jurassic (Cluzel et al., 2012), but continued 
until the Upper Jurassic–Lower Cretaceous (Fig. 2.5).
Maximum age constraints based on detrital zircons in the Téremba Terrane either overlap 
or are somewhat younger (~10 Ma) than the fossil ages inferred from the New Zealand 
chronological chart (Fig. 2.5). This 10 Ma difference is based on several analyses that were 
taken in different sessions, indicating the discrepancy is beyond the systemic inaccuracies 
predicted by repeated analyses of Plešovice (~5 Ma). These inconsistencies could indicate 
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that Mesozoic fauna in New Caledonia evolved on an independent timeline in comparison to 
New Zealand, or that the Mesozoic biostratigraphic controls for the southwest Pacific (New 
Zealand included) require revisions.
2.6.2. Tectonic setting and provenance of New Caledonian basement
Group A, B and C for the Téremba Terrane and Groups C for the Koh-Central Terrane are 
dominated by a large portion of ages that closely approximate the time of deposition (Figs. 
2.8a-c, 2.9), indicating syn-depositional volcanism, possibly in a fore-arc basin (Cawood 
et al., 2012). In contrast, Groups A and B for the Koh-Central Terrane and Groups A and 
Teremba Terrane
 C. Early Cretaceous (n = 807)
 B. Middle - Late Jurassic (n = 239)
 A. Late Triassic - Early Jurassic (n = 789)
Koh - Central Terrane
 C. Early Cretaceous (n=74)
 B. Middle - Late Jurassic (n = 99)
 A. Late Triassic - Early Jurassic (n = 525)
Boghen Terrane
 C. Early Cretaceous (n = 91)
 A. Late Triassic - Early Jurassic (n = 30)
 
Crystallization age - deposition age (Myr)
500 1000 1500
50
40
20
30
10
60
70
80
90
C
um
ul
at
iv
e 
pr
op
or
tio
n 
(%
)
Figure 2.9: Cumulative proportion curve for the time 
span between crystallization and inferred depositional 
ages (after Cawood et al., 2012), shown separately 
for Groups A, B and C within each basement terrane. 
Ages that proximate the time of deposition and only 
comprise a minor component of older ages are 
characteristic of fore–arc basins that typically drain 
magmatic arcs. In contrast, back–arc basins typically 
have an age spectra that reflects mix drainage 
of syn–depositional (arc) magmatism, and older 
(possibly continental interior) recycled sediments. 
C for the Boghen Terrane have older, more 
varied age ranges, indicating a different 
provenance (Figs. 2.8a-c, 2.9). A shift in the 
provenance is evident in the Koh-Central 
Terrane, in which connectivity with the 
source of the older grains (Groups A and 
B) was disrupted in the Cretaceous (Group 
C). The transition from older continental 
sources in Groups A and B to dominance 
of syn-depositional magmatism in Group C 
for the Koh-Central (Fig. 2.9) may indicate: 
(1) that the Koh-Central Terrane transitioned 
into a Cretaceous fore-arc position; or (2) 
that the source of the Gondwanan zircon of 
the Koh-Central Terrane was local, limited, 
and not exposed in the Cretaceous; or (3) 
New Caledonia became more isolated 
between ~130-100 Ma, associated with extension, and overwhelmed by rift-related siliceous 
volcanism leading up to and during the opening of the Tasman and Coral seas (e.g., Bryan 
et al., 2012; Barham et al., 2016).
The source of Late Triassic – Early Jurassic zircon age populations in the sedimentary 
rocks of the Téremba and Koh-Central terranes (Figs. 2.8a, b, c) is unclear. There are no 
igneous rocks of such ages in New Caledonia, but similar ages are known from the following 
subduction-related associations (Fig. 2.10a): (1) dredged granitic clasts from the Lord Howe 
32
Chapter 2
Rise (Mortimer et al., 2015); (2) West Norfolk Ridge (Mortimer et al., 1998); (3) Darran 
Suite in New Zealand (Mortimer et al., 1997; Muir et al., 1998; Mortimer et al., 2015); and 
(4) New England Orogen in eastern Australia (Li et al., 2012). Jurassic magmatic rocks are 
sparse in eastern Australia, except of abundant basalt and dolerite in Tasmania that unlikely 
contributed to the source of zircon (Fig. 2.10a). We suggest that the 180-150 Ma zircon 
age populations most likely represent a subduction-related zircon-producing source, which 
became inactive at around 150 Ma.
Early Permian to Middle Triassic magmatism is evident in the New England Orogen as well 
as in the Dampier Ridge (McDougall et al., 1994), and possibly West Norfolk Rise (Fig. 
2.10a; Mortimer et al., 1998). Despite the extensive distribution of plutonic rocks of this 
age in eastern Australia, early Permian to Middle Triassic zircon grains make up a very 
minor component of the basement strata of New Caledonia (Figs. 2.8a–c). The absence of 
these ages is specifically significant for the period 275–230 Ma, which in the New England 
Orogen, was associated with widespread magmatism (Fig. 2.10a; Shaw and Flood, 1981; 
Korsch et al., 2009a).
The ~415 and ~340 Ma age populations (Fig. 2.8b; Group A) and ~335 Ma age population 
(Fig. 2.8b; Group B) in the Koh-Central Terrane may correspond to magmatism in eastern 
Australia (Fig. 2.10a; Collins, 1996; Collins, 2002a,b; Glen, 2005; Rosenbaum, 2018). 
Older age populations, and specifically the presence of 600-500 Ma, and 1300–900 Ma 
detrital zircon ages in the New Caledonian basement, suggest a contribution from reworked 
metasedimentary strata of the Tasmanides (Fergusson et al., 2017; Shaanan et al., 2018b). 
The occurrence of 16 older cores within zircon grains of Mesozoic rim ages also corresponds 
with the ages described above (Figs. 2.8d, e; 335–1100 Ma). Oscillatory zoning and relatively 
low Th/U for these rims is consistent with magmatic zircon crystallization, implying that a 
sediment component containing zircon grains was caught up in melting and magmatism, or 
that a sliver of continental basement was possibly re-melted in New Caledonia in the course 
of the Triassic-Jurassic magmatism.
2.6.3. Late Paleozoic to early Mesozoic tectonic evolution of New Caledonia 
The deeper water sedimentary and underlying ‘oceanic’ crust of the Koh-Central Terrane 
implies that the terrane likely formed outboard of the shallow water and fossiliferous rocks of 
the Téremba Terrane (Fig. 2.10b; Groups A and B). The Boghen Terrane is situated farther 
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Figure 2.10: a. Tectonic map of the Southwest Pacific region, highlighting the occurrence 
of igneous rocks in eastern Australia, New Zealand and southwest Pacific Ocean (after 
Rosenbaum, 2018). Colored circles represent ages of igneous rocks in drill cores and 
dredge samples. West Norfolk Ridge (Mortimer et al., 1998); Lord Howe Rise (Mortimer et 
al., 2015); Dampier Ridge (McDougall et al., 1994); Queensland Plateau (Mortimer et al., 
2008; Shaanan et al., 2018a). Abbreviations: DTO, Delamerian–Thomson Orogen; EARS, 
East Australian Rift System; LO, Lachlan Orogen; MO, Mossman Orogen; NEO, New 
England Orogen. b. Simplified schematic cross section of the basement terranes in New 
Caledonia illustrating the possible tectonic setting during the Late Triassic – Late Jurassic. 
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east of the Téremba Terrane, roughly along strike with the Koh-Central Terrane, and has 
features of a subduction complex with broken formations and mafic/ultramafic mélanges 
(Fig. 2.10b; Cluzel et al., 2012). Thus, the eastward change from shallow marine (Téremba 
Terrane) to a deeper marine environment (Koh-Central Terrane), and an accretionary complex 
(Boghen Terrane), support previous suggestions for a westward dipping subduction system 
(Fig. 2.10b; Cluzel and Meffre, 2002; Cluzel et al., 2012). 
Nd–Sr isotope values of +0.9<+3 and -0.4<+25 of Upper Triassic to Lower Cretaceous 
sandstones from the New Caledonia basement are indicative of magmatic source rocks 
derived from a juvenile mantle typical of island arc magmatism (Meffre, 1995; Adams et al., 
2009c). Magmatic rocks derived from juvenile mantle are also indicated by the composition 
of hafnium isotopes of Late Triassic/Jurassic (mean Hf = +6.5) and Early Cretaceous (mean 
Hf = +7.2) detrital zircon from the metamorphic units (Fig. 2a; Koumac, Diahot, Pouebo units) 
(Pirard and Spandler, 2017). Limited continental input was associated with this westward-
dipping, subduction-related, island-arc magmatism in New Caledonia (Fig. 2.10b; Meffre, 
1995; Cluzel and Meffre, 2002; Adams et al., 2009c), but the presence of older, inherited 
Paleozoic zircon grains/cores indicates that magmatic recycling of a potential sediment, or 
Gondwanan basement component occurred within this intra-oceanic arc system (Figs. 2.8d, 
e, 2.10b). The affinity of Nd–Sr isotopes with oceanic lithosphere (i.e., intra-oceanic arc 
magmatism) implies that the volume of the melted continental material was insufficient to 
modify the overall melt composition. The lack of inherited zircon grains in the Middle Triassic 
shallow level intrusive rocks of New Caledonia (Maurizot et al., 2018) could suggest that a 
continental basement was located further outboard of New Caledonia, possibly in the Lord 
Howe Rise (Figs. 2.10a, b).
The Nd-Sr affinity of sedimentary rocks and Hf isotopes of detrital zircons, in combination 
with the Mesozoic intra-oceanic setting for New Caledonia contrasts with the previous 
suggestions that Gondwanan age populations were sourced from the continental interior 
(Adams et al., 2009c). The higher abundance of Gondwanan aged zircon in the further 
ocean-ward, deep marine Koh-Central Terrane in respect to the Téremba Terrane (Figs. 
2.8a-b), does not seem to agree with a direct continental drainage into the New Caledonian 
basement. Furthermore, the lack of early Permian–Middle Triassic detrital zircon ages in 
all basement terranes in New Caledonia is inconsistent with a direct derivation from the 
continent interior. Thus, the presence of Gondwanan age material in the Mesozoic strata of 
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New Caledonia (Fig. 2.8; Group A and B) requires an alternative explanation. 
We propose that a thinned, Paleozoic continental fragment, which was rifted from the 
Gondwanan margins prior to the deposition of the late Paleozoic-Mesozoic Téremba, Koh-
Central and Boghen terranes, was internally reworked and partly melted within the roots of 
a volcanic arc (Fig. 2.10b). This scenario is consistent with the evidence for an intra-oceanic 
arc environment (Nd–Sr and Hf isotope values), abundant occurrence of Gondwanan 
(Paleozoic-Proterozoic) ages in the deep marine ocean-ward Koh-Central and Boghen 
terranes, and the absence of early Permian to Middle Triassic age populations. The absence 
of the early Permian to Middle Triassic ages implies that New Caledonia was separated and 
was distant from Gondwana in the Late Paleozoic, a conclusion consistent with the marked 
faunal and floral endemism that occurred during the Triassic – Jurassic (e.g. Paris, 1981; 
Cluzel et al., 2012). The existence of oceanic back-arc basins or marginal sediment traps 
most likely restricted late Paleozoic-Mesozoic detritus from east Australia reaching the New 
Caledonia basins.
Rifting of a thinned, Paleozoic continental fragment and development an intra-oceanic arc 
system most likely occurred during the early Permian (300-280 Ma). During this period, 
eastern Gondwana was subjected to crustal extension, possibly in response to an eastward 
trench retreat (Korsch et al., 2009b; Shaanan et al., 2015). This period of early Permian 
extension led to widespread formation of sedimentary basins, including the so-called East 
Australian Rift System and other smaller back-arc basins throughout eastern Australia 
(Fig. 2.10a; Korsch et al. 2009b; Campbell et al., 2015; Shaanan et al., 2015; Shaanan 
and Rosenbaum, 2018). This phase of rifting along the eastern Gondwana margin may 
explain the combination of an intra-oceanic setting for the New Caledonia basement rocks, 
the occurrence of Gondwana-derived zircon ages, and the lack of 275–230 Ma detritus. 
The implication for the tectonics of the southwest Pacific is that dispersal of continental 
fragments of eastern Gondwana may have occurred in the early Permian, long before the 
Late Mesozoic opening of the Tasman and Coral seas.
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2.7. CONCLUSION
New U/Pb zircon ages provide an insight into the tectonic setting and evolution of the late 
Paleozoic-Mesozoic basement terranes of New Caledonia. U-Pb geochronology data 
show that the Téremba Terrane has a distinct age spectra characteristic of a Mesozoic 
fore-arc basin, whereas the Koh-Central and Boghen terranes are characterized by diverse 
age spectra that also consist of significantly older age components. The absence of early 
Permian to Middle Triassic detrital zircon ages in the New Caledonian basement terranes 
suggests isolation from eastern Gondwana during this time interval. The distribution of 
Paleozoic aged detritus within the basement terranes of New Caledonia implies a local 
(limited) source, possibly made of a thinned Paleozoic continental fragment that was rifted 
from the Gondwanan margins prior to the deposition of the late Paleozoic-Mesozoic Koh-
Central, Téremba and Boghen terranes. We suggest that this rifted continental fragment 
was internally reworked and partly melted within the roots of an intra-oceanic arc, possibly 
beneath the Téremba Terrane and/or Lord Howe Rise, as evident in inherited zircon cores. 
The rifting of such a continental segment from the Gondwanan margins implies that dispersal 
of Gondwanan continental fragments within the southwest Pacific may have occurred before 
the Late Mesozoic, possibly in the course of a pronounced phase of extension in the early 
Permian along the eastern Gondwanan margin. 
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CHAPTER 3
EPISODIC BEHAVIOR OF THE EASTERN GONDWANA 
MARGIN: INSIGHTS FROM DETRITAL ZIRCON 
PETROCHRONOLOGY FROM THE MURIHIKU TERRANE, NEW 
ZEALAND
Coastal outcrop of the Middle Jurassic Ferndale Group, Murihiku Terrane. 
(Location: The Catlins Coast, New Zealand)
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FOREWORD: CHAPTER 3
This chapter deals with the provenance, tectonic setting and evolution of the Paleozoic to 
Mesozoic Murihiku Terrane in New Zealand.  In addition, trace-element data of zircon is used 
to provide insight into the evolution of the magmatic arc that supplied detritus to the basin. 
Gang Xia assisted with the making of thin sections for petrographic investigations. Charlotte 
Allen helped with lab work and processing of LA-ICP-MS zircon data. Earlier versions of this 
chapter have been reviewed by Gideon Rosenbaum, Charlotte Allen, Nick Mortimer and Uri 
Shaanan. This chapter has been slightly modified based on a paper under review in Lithos, 
co-authored by Gideon Rosenbaum, Charlotte Allen, Nick Mortimer and Uri Shaanan.
Campbell, M. J., Rosenbaum, G., Allen, C. M., Mortimer, N., and Shaanan, U., in 
review,  Episodic behavior of the eastern Gondwanan margin: insights from detrital zircon 
petrochronology from the Murihiku Terrane, New Zealand: Lithos.
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3. EPISODIC BEHAVIOR OF THE EASTERN GONDWANA MARGIN: 
INSIGHTS FROM DETRITAL ZIRCON PETROCHRONOLOGY FROM THE 
MURIHIKU TERRANE, NEW ZEALAND
3.1. ABSTRACT
Late Paleozoic and Mesozoic tectonostratigraphic terranes are exposed in New Zealand 
and New Caledonia but their original positions and tectonic configuration along the eastern 
Gondwanan margin are not well understood. To better constrain Mesozoic reconstructions, 
we sampled marine and non-marine sandstones in the Murihiku Terrane (New Zealand) 
and obtained 935 new U/Pb detrital zircon ages and trace-element data. Our results show 
that upper Permian to Lower Triassic volcaniclastic successions in the Murihiku Terrane are 
characterized by unimodal age spectra (260–245 Ma), indicating a proximal arc source. 
In contrast, a mixed provenance is recognized in Middle Triassic to Upper Jurassic rocks, 
containing both older (380–240 Ma) and younger (240–145 Ma) detrital zircon ages. 
The detrital zircon age spectra from the Murihiku Terrane match magmatic pulses in the 
adjacent Tuhua Intrusives (Median Batholith), which is thus interpreted as the main source 
of the detrital sediments. Our petrochronological data show that a prominent change in the 
sandstone provenance occurred at 235–230 Ma, simultaneously with the transition from 
the Longwood Suite (261–252 Ma) to the Darran Suite (232–125 Ma) magmatism in the 
Median Batholith. The transitional period at 235–230 Ma also overlaps with an episode 
of magmatism, deformation, and uplift in New Caledonia and eastern Australia (Hunter-
Bowen Orogeny). We therefore conclude that this ubiquitous tectonic episode, during the 
Late Triassic, marks a large-scale secular change within the Gondwanide Orogen, which 
was possibly driven by increased convergence rates following a plate reorganization event.
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3.2. INTRODUCTION
Permian to Cretaceous convergent plate tectonic processes that took place along the eastern 
and southern margins of Gondwana are recorded in tectonostratigraphic terranes and plutonic 
belts in eastern Australia and Zealandia (Mortimer et al., 2004, 2017; Rosenbaum, 2018). In 
Zealandia, these ‘peri-Gondwanan’ terranes were shifted to their current position during the 
Mesozoic, in the course of tectonic processes that culminated in the opening of the Tasman 
and Coral seas (Gaina et al., 1998a,b). The terranes are exposed in New Zealand and New 
Caledonia (Fig. 3.1), but their origin (allochthonous vs. parautochthonous), original position, 
and tectonic configuration within the eastern Gondwanan margin are still debated (e.g., 
Coombs et al., 1976; Coombs et al., 1996; Roser et al., 2002; Adams et al., 2007; Campbell 
et al., 2018, Shaanan et al., 2019).
The Murihiku Terrane is a >10 km thick, upper Permian to Lower Cretaceous (260–130 Ma) 
arc-sourced clastic sedimentary terrane (Campbell et al., 2003a; Noda et al., 2004). It is 
part of a collage of late Paleozoic and Mesozoic terranes in the Eastern Province of New 
Zealand (Fig. 3.2). Exposures of the Murihiku Terrane occur in fault-bounded belts in the 
regions of Southland, Nelson, and Kawhia (Fig. 3.2a). Two different interpretations have 
been proposed for the tectonic setting of the Murihiku Terrane during its deposition. Some 
authors have suggested a fore-arc setting adjacent to a continental magmatic arc (Fig. 3.1; 
Median Batholith), which was generated by a west-dipping (current coordinates) subduction 
zone (e.g., Coombs et al., 1976; MacKinnion, 1983; Graham and Korsh, 1990; Roser et al., 
2002; Noda et al., 2002, 2004; Briggs et al., 2004; Keeman, 2014). Alternatively, it has been 
suggested that the Murihiku Terrane was positioned in a back-arc setting adjacent to an 
offshore island arc, which was generated by an east-dipping subduction zone (e.g., Howell, 
1980; Coombs et al., 1992; Coombs et al., 1996;  Adams et al., 2007). According to the latter 
interpretation, the Murihiku Terrane was isolated from continental magmatic arc sources.
In this study, we present new U/Pb detrital zircon ages and trace element data from Triassic 
and Jurassic sedimentary rocks from the Murihiku Terrane. Our results complement 
previous studies, which focussed on the petrography (Mackinnon, 1983), petrochemistry 
(Roser et al., 2002), Nd isotopic composition (Adams et al., 2005), and U/Pb detrital zircon 
geochronology (Adams et al., 2007) of the Murihiku Terrane. The combined dataset allows 
us to (1) compare maximum depositional age constraints with biostratigraphic stages; (2) 
test the hypothesis that detritus was derived from a proximal Zealandia source (and not 
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Figure 3.1: Tectonic map of eastern Australia and Zealandia (modified after Campbell et al., 2018). Axis of 
magmatic arc through Zealandia after Mortimer et al. (2017). 
from exotic sources); (3) explore long-term secular variations in the age and nature of arc 
magmatism that supplied detritus to the basin; and (4) elucidate the tectonic setting and 
basin evolution of the Murihiku Terrane along the eastern Gondwanan margin.
3.3. GEOLOGICAL SETTING
The ‘basement’ (pre-Late Cretaceous rocks) of Zealandia is commonly subdivided into the 
Western and Eastern provinces (Figs. 3.1, 3.2). Western Province terranes (Buller and 
Takaka terranes) in New Zealand record early Paleozoic convergent margin processes along 
the eastern Gondwanan margin (Cooper, 1989; Cooper and Tulloch, 1992; Mortimer 2004). 
The later history of convergent margin processes, during the late Paleozoic and Mesozoic, 
is recorded in the Eastern Province terranes in New Zealand (Mortimer, 2004) and New 
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Caledonia (Cluzel et al., 2012; Campbell et 
al., 2018). Devonian to Cretaceous plutonic 
rocks (Tuhua Intrusives) intrude Western and 
Eastern province terranes in New Zealand, 
constituting the Median, Karamea, Paparoa, 
Hohonu, and Rangitoto batholiths. Rocks 
within these batholiths represent the roots 
of the continental magmatic arc that was 
once situated along the paleo-Pacific margin 
of Gondwana (Kimbrough et al., 1994; Muir 
et al., 1997; Muir et al., 1998; Mortimer et 
al., 1999a,b; Allibone and Tulloch, 2004; 
Mortimer 2004; Allibone et al., 2009; McCoy-
West et al., 2014). Devonian to Cretaceous 
magmatism recorded in New Zealand was 
in part simultaneous with subduction-related 
magmatism in eastern Australia (New 
England and Lachlan orogens; Rosenbaum, 
2018). 
The Eastern Province in New Zealand consists 
of six tectonostratigraphic terranes (Fig. 3.2; 
Mortimer 2004). The Brook Street, Murihiku, 
and Dun Mountain-Maitai terranes represent 
remnants of arc-related basins, with portions 
of the Brook Street and Dun Mountain-Maitai 
terranes containing mafic arc lavas and an 
ophiolitic complex, respectively. Farther 
east, the Caples, Torlesse Composite, and 
Waipapa terranes consist of low-grade 
metasedimentary successions representing 
accretionary complexes (Mortimer et al., 
2004).
In Southland (Fig. 3.3), the fault-bounded 
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Figure 3.2: a. Tectonostratigraphic map of New 
Zealand (from Mortimer et al., 2014). b. Time-
space plot of basement terranes in New Zealand. 
Constraints on New Zealand basement terranes taken 
from Mortimer et al. (2004). Periods of magmatism 
in the Tuhua Intrusives are taken from Mortimer and 
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Murihiku Supergroup is exposed between the Dun Mountain-Maitai Terrane to the north and 
the Brook Street Terrane to the west. The Brook Street Terrane consists of upper to lower 
Permian volcanic and sedimentary rocks (Takitimu and Productus Creek groups; Houghton 
and Landis, 1989; Landis et al., 1999), unconformably overlain by a Jurassic conglomerate 
(Barretts Formation; Landis et al., 1999; Adams et al., 2002). The volcanic and sedimentary 
rocks of the Brook Street Terrane are intruded by late Permian (Longwood Suite; 262–
251 Ma) and Triassic–Jurassic (Darran Suite; 232–125 Ma) magmatic rocks of the Median 
Batholith (Fig. 3.3; e.g., Price et al., 2006; McCoy-West et al., 2014). The Dun Mountain-
Maitai Terrane is composed of an early Permian ophiolitic suite (Dun Mountain Ophiolite; 
Coombs et al., 1976; Kimbrough et al., 1992) that is unconformably overlain by well-bedded, 
Permian–Triassic turbidite successions of the Maitai Group (Landis 1980; Kimbrough et al., 
1992; Campbell and Owen, 2003; Stratford et al., 2004).
The Murihiku Terrane is composed of upper Permian to Lower Jurassic/Upper Cretaceous 
volcaniclastic successions (Murihiku Supergroup; Campbell et al., 2003a) with rare 
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interbedded Late Triassic–Early Jurassic volcanic rocks (Park Volcanics Group; Coombs 
et al., 1992; Coombs et al., 1996). The oldest part of the sedimentary succession is the 
upper Permian (260–254 Ma) Kuriwao Group, which is made of fossiliferous sedimentary 
rocks and minor limestone deposited in a restricted, shallow-shelf to near shore marine 
environment (Campbell et al., 2001; Campbell et al., 2003a). The Kuriwao Group is 
unconformably overlain by the Lower–Middle Triassic (252–242 Ma) North Range Group, 
which consists of well-bedded siltstone and fine sandstone with subordinate vitric and 
lithic tuff, tuffaceous sandstone, minor shell beds, and volcanic conglomerate deposited 
in a near shore, shallow marine depositional environment (Boles 1974; Campbell 2003a). 
The Middle–Lower Triassic (242–201 Ma) Taringatura Group unconformably overlies the 
North Range Group, and predominantly consists of tuffaceous sandstone with abundant 
conglomerate, tuff and siltstone, which were deposited in a shallow marine depositional 
environment (Campbell et al., 2003a). The occurrence of granitic clasts in conglomerate, 
along with distinctive Kaihikuan faunas, marks the base of the Taringatura Group (Campbell 
et al., 2003a). 
The Taringatura Group is conformably overlain by Lower Jurassic (201–174 Ma) tuffaceous 
sandstone, conglomerate, and minor mudstone of the Diamond Peak Group. These 
rocks were deposited in a marine shelf/slope environment (Campbell et al., 2003a). The 
overlying Middle Jurassic (174–168 Ma) Ferndale Group marks a change in the depositional 
environment, associated with shallow water, near shore and non-marine depositional 
environments in Southland (Campbell et al., 2003a). Rocks in the Ferndale Group include 
massive, cross-bedded sandstone, interbedded with mudstone (Noda et al., 2002; Campbell 
et al., 2003a), as well as discontinues, but locally thick, conglomerate that suggests high-
energy fluvial depositional environment and periods of flash flooding (Pole 2001; Thorn 
2001). Overlying rocks of the Middle Jurassic (168–163 Ma) Mataura Group, outcropping at 
the center of the Southland Syncline (Fig. 3.3), are predominantly composed of non-marine 
feldspathic sandstone, minor siltstone, and conglomerate (Campbell et al., 2003a). Upper 
Jurassic rocks of the Murihiku Terrane are only exposed in North Island.
Paleocurrent data from the Murihiku Terrane indicate that, during the Middle Triassic and 
Jurassic, sediment was transported from the southwest to northeast (Carter 1979; Balance 
and Campbell, 1993; Pole, 2001; Thorn, 2001; Noda et al., 2002; present geographic 
coordinates); however, sediment transport from the northeast, during the Early Triassic, has 
also been suggested (Boles 1974). On the basis of whole-rock sandstone geochemistry, 
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Roser et al. (2002) have proposed that detritus was derived, in the late Permian and Early 
Triassic, from a basaltic-andesitic source. In contrast, Middle Triassic to Jurassic detritus 
was derived from a felsic (rhyolitic and granitic) source (Roser et al., 2002).
 
3.4. METHODS AND RATIONALE
Nine sedimentary samples were collected from different rocks units within the Murihiku 
Supergroup (Fig. 3.3 and Table 3.1). Thin sections were examined with a petrographic 
microscope, and eight sandstone samples were point-counted (300 points in each sample) 
using the Gazzi-Dickinson method (see Digital Appendix 2.1). Our data were then combined 
with published petrographic data from the Murihiku Terrane (Griffin, 1970; Boles, 1974; 
Campbell et al., 2001). Zircon crystals from all nine sedimentary samples were analyzed 
for U–Pb geochronology using LA-ICP-MS (Digital Appendix 2.2). Errors associated with 
individual analyses are reported at the 2σ level. 206Pb/238U uncorrected and common Pb 
corrected dates are reported for analyses younger than 1000 Ma, whereas 206Pb/207Pb dates 
are reported for analyses older than 1000 Ma (Digital Appendix 2.2). 
Maximum depositional ages were calculated based on the following methods as set out by 
Dickinson and Gehrels, (2009): (a) youngest single grain age (YSA); (b) youngest graphical 
age peak (YPP) controlled by the ages of more than one grain; and (c) mean age of the 
youngest three or more grains that overlap in age at 2σ (YC2σ). For the purpose of this 
work (Table 3.1), we used the YC2σ method, which is the most conservative age constraint 
(Dickinson and Gehrels, 2009). To compare geochronological ages with biostratigraphic 
ages, we used the New Zealand Geological Timescale (Raine et al., 2015), with minor 
updates by Campbell (2019). Adaptive kernel density estimation diagrams (Vermeesch, 
2012) were used to examine the characteristic age spectra and temporal variations of detrital 
zircon ages in each sample. 
Trace element concentrations were investigated in detrital zircon grains to obtain information 
on temporal changes in the melt composition. Using our data compilation, we calculated 
values for Th/U, U/Yb, Zr/Hf, Eu/Eu*, and zircon crystallization temperature (ºC) (based 
on Ti-in-zircon thermometry). Eu anomalies in zircon were calculated using a number of 
REEs (Lu, Dy, Nd) using the method of Ballard et al. (2002) and based on the techniques 
of Onuma et al. (1986). Ti-in-zircon crystallization temperatures were calculated based on 
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) Table. 3.1: Sample summary and 
maximum age constraints of samples 
from this study following methods by 
Dickinson and Gehrels (2009). YSA, 
youngest single grain age; YPP, youngest 
graphical age peak controlled by the ages 
of more than one grain; YC2σ, mean age 
of the youngest three or more grains that 
overlap in age at 2σ.   
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Watson et al. (2006). Data were examined 
using a bivariate 2d kernel density estimate. 
Variations in the mean and median values 
were calculated for 10 Myr bins using Monte 
Carlo bootstrapping resampling. To avoid 
inclusion of metamorphic zircon grains in 
our synthesis, we discarded zircon grains for 
which the value of Th/U was lower than 0.1 
(Rubatto, 2002).
3.5. RESULTS
3.5.1. Lithological and petrographic 
description
Samples from the North Range Group (054-
NZ and 081-NZ) are medium-grained (mode 
~0.3 mm) and poorly sorted, sub-angular 
sandstones. Sample 004-NZ (excluded 
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Figure 3.4:QFL plot of sandstones from the Murihiku 
Terrane in the Southland Syncline. QFL fields after 
Dickinson (1985). Point counting results summarized 
in Digital Appendix 2.1.  
from point counting analysis) is a moderately sorted conglomerate from the base of the 
Taringatura Group. Clasts are well-rounded, cobble-sized volcanic and granitic. The 
conglomerate is interbedded with fine- to medium-grained sandstone. Sample 082-NZ is 
a medium- to coarse-grained (mode 0.3–0.5 mm), poorly sorted, sub-rounded sandstone. 
Samples from the Diamond Peak Group (013-NZ and 083-NZ) are poorly sorted, medium- 
to coarse-grained (mode 0.3–0.5 mm) sandstone, composed of sub-rounded to rounded 
grains. The sandstone beds are interbedded with thick-bedded conglomerate composed of 
poorly sorted, rounded gravel- to cobble-size volcanic and granitic clasts in a coarse-grained 
sandstone matrix. The two samples from the Ferndale Group (015-NZ and 084-NZ) are 
coarse-grained (mode ~0.5 mm), moderately sorted sandstone, predominantly comprising 
sub-angular grains. Outcrops are dominated by well-bedded, sandstone and mudstone 
successions. A sample collected from the Mataura Group (008-NZ) is coarse-grained, poorly 
sorted sandstone with sub-angular grains.
Point-count results show that the sandstone samples from the Lower to Middle Triassic North 
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Range Group are rich in volcanic lithic material. These samples, as well as samples from 
the upper Permian Kuriwao Group, plot in the undissected arc field of Dickinson (1985) (Fig. 
3.4). Samples from the Taringatura, Diamond Peak, Ferndale, and Mataura Group, have a 
greater proportion of quartz and feldspar, and plot within the undissected and transitional 
arc fields (Fig. 3.4).
3.5.2. Detrital zircon cathodoluminescence and ages 
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Figure 3.5: Kernel density estimates and 
calculated youngest mean (YC2) age populations 
(see also Table 3.1) for samples from the North 
Range Group, Murihiku Supergroup. n = number 
of concordant/plotted analyses. Black numbers 
represent U/Pb ages that are not shown in plot. Grey 
vertical bands highlight biostratigraphic depositional 
ages. 
A total of 935 new U/Pb concordant ages 
were obtained from the nine sedimentary 
samples. Cathodoluminescence images 
showed euhedral to sub-euhedral zircon 
grains, 60–250 μm in length. The majority 
of detrital zircon grains are texturally simple, 
showing oscillatory zoning with only a minor 
proportion (5%–10%) of grains showing 
evidence of inherited cores. Ages and 
constraints on the timing of deposition, 
based on the nine samples analyzed here, 
are presented in Figures 3.5–3.7, Table 3.1, 
and Digital Appendix 2.3.
Samples from the Lower to Middle Triassic 
North Range Group (054-NZ and 081-NZ) 
show unimodal age spectra composed of 
255–230 Ma ages and a peak at ~240 Ma, 
with very few ages (n < 10) younger or older than this age range (Figs. 3.5a, b). In contrast, 
samples from the Middle to Late Triassic Taringatura Group (004-NZ and 082-NZ) are 
characterized by polymodal age spectra (Figs. 3.6a, b). In sample 004-NZ (near the base 
of the Taringatura Group), the range of detrital zircon ages is 400–205 Ma, with prominent 
age peaks at ~265 Ma, ~245 Ma, and ~220 Ma (Fig. 3.6a). In sample 082-NZ, the range of 
ages is 990–180 Ma, and the prominent age peaks are ~230 Ma and ~200 Ma (Fig. 3.6b).
Results from the Lower Jurassic Diamond Peak Group show both unimodal (013-NZ) and 
polymodal (083-NZ) age spectra (Figs. 3.6c, d). Sample 013-NZ is characterized by a cluster 
of 285–225 Ma ages with a peak at ~250 Ma (Fig. 3.6c). In contrast, sample 083-NZ shows 
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Figure 3.6: Kernel density estimates and 
calculated youngest mean (YC2) age populations 
(see also Table 3.1) for samples from the Taringatura 
and Diamond Peak groups, Murihiku Supergroup. 
n = number of concordant/plotted analyses. Black 
numbers represent U/Pb ages that are not shown 
in plot. Grey vertical bands highlight biostratigraphic 
depositional age of samples.
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Figure 3.7: Kernel density estimates and 
calculated youngest mean (YC2) age populations 
(see also Table 3.1) for samples from the Ferndale 
and Mataura Peak groups, Murihiku Supergroup. 
n = number of concordant/plotted analyses. Black 
numbers represent U/Pb ages that are not shown 
in plot. Grey vertical bands highlight biostratigraphic 
depositional ages.
a spectrum of 330–185 Ma ages with peaks at ~245 Ma, ~225 Ma, and ~210 Ma (Fig. 3.6d). 
Samples from the Middle Jurassic Ferndale Group (Fig. 3.3; 015-NZ and 084-NZ) show 
polymodal age spectra, with ages of 950–160 Ma (Figs. 3.7a, b). In sample 015-NZ, most 
ages are in the range of 295–165 Ma, with prominent peaks at ~285 Ma and ~175 Ma (Fig. 
3.7a). Zircon ages in sample 084-NZ are in the range of 950–165 Ma, with peaks at ~225 
Ma, ~195 Ma, and ~180 Ma (Fig. 3.7b). Sample 008-NZ, from the Middle Jurassic Mataura 
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Figure 3.8: Bivariate 2d kernel density estimation of U/Pb detrital zircon ages vs corresponding trace 
element concentrations and calculated mean/median values for 10 m.y windows from the Murihiku Terrane 
(Murihiku Supergroup). a-b. Th/U vs age (Ma). c-d. Zr/Hf vs age (Ma). e-f. U/Yb vs Age (Ma). g-h. Eu/Eu* vs 
Age (Ma). i-j. Calculated zircon crystallization temperature (Ti-in-zircon thermometry) vs age (Ma).  
Group (Fig. 3.3), shows a bimodal zircon age spectrum, dominated by ages of 260–230 Ma 
(Fig. 3.7c). A prominent age peak occurs at ~240 Ma with a subordinate younger cluster at 
~225 Ma.
3.5.3. Detrital zircon trace element concentrations
Trace element data from the detrital zircon grains show temporal variations, with a noticeable 
change at 235–230 Ma (Fig. 3.8). Zircon grains younger than 230 Ma show an increase in 
the mean and median values of Th/U (from 0.55–0.70 to 0.78–0.80), U/Yb (from 0.35–0.45 
to 0.41–0.47), Eu/Eu* (from 0.08–0.19 to 0.22–0.27), and zircon crystallization temperature 
(from 708–734ºC to 728–748ºC). The mean and median values of Zr/Hf decrease for zircon 
grains younger than 230 Ma (from 48.5–52.2 to ~48.5).
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3.6. DISCUSSION
3.6.1. Constraints on timing of deposition
Maximum depositional age constraints, 
based on detrital zircon grains from the 
Murihiku Terrane (Fig. 3.9 and Table 3.1), 
either (1) match inferred biostratigraphic ages 
within error (081-NZ, 054-NZ, 004-NZ, 083-
NZ, 015-NZ, 084-NZ), (2) are younger than 
the inferred biostratigraphic age (082-NZ), or 
(3) are much older than the biostratigraphic 
age (013-NZ, 083-NZ, and 008-NZ). Younger 
ages were produced in several independent 
analyses (in different sessions), indicating 
that the discrepancy was not caused by 
systemic inaccuracies predicted by repeated 
analyses of the Plešovice standard (~±6.7 
Myr; 2%).
Sample 082-NZ yielded a relatively young 
age population of ~200 Ma (Fig. 3.6b) and a 
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Figure 3.9: Maximum depositional age 
constraints for samples from the Murihiku Terrane 
(Murihiku Supergroup). Timescale after Raine et al. 
(2015). 
calculated maximum depositional age of 192.2 ± 2.6 Ma (n = 10). This age is substantially 
younger than the biostratigraphic Otapirian (208.5–201.3 Ma) age of the Taringatura Group 
at the sampling locality (Fig. 3.9; Campbell et al., 2003a). The calculated depositional age 
corresponds to the Aratuaran–Temakian (201.3–174.1 Ma), which is the biostratigraphic 
age of the Diamond Peak Group. This discrepancy is most likely explained by an inaccuracy 
in the original geological map, which might have incorrectly attributed the sampling site of 
sample 082-NZ to the Taringatura Group. Given the new data, we assign this sample to the 
Diamond Peak Group.
Maximum depositional age constraints for samples 013-NZ and 083-NZ from the Lower 
Jurassic Diamond Peak Group (249.0 ± 1.8 Ma and 205.1 ± 1.3 Ma, respectively), and 
sample 008-NZ from the Middle Jurassic Mataura Group (223.7 ± 4.0 Ma) are significantly 
older then their biostratigraphic age (Fig. 3.9; Campbell et al., 2003a). Youngest zircon ages 
that are substantially older than their inferred depositional ages (Figs. 3.6, 3.7) likely resulted 
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from the absence of syn-depositonal magmatism in the immediate capture area, or recycling 
of older sedimentary rocks. Evidence of recycling is further supported by (1) the occurrence 
of more sorted and rounded clasts in samples from the Diamond Peak and Mataura groups; 
(2) an increase in quartz and sedimentary lithic components (Fig. 3.4); and (3) the inferred 
depositional environment during the Jurassic, involving high-energy fluvial processes and 
marginal marine deposition (Pole 2001; Thorn 2001; Campbell et al., 2003a).
3.6.2. Provenance of the Murihiku Terrane
The detrital material in the Eastern Province terranes has been suggested to originate from 
various sources along the Gondwanan margin, including Zealandia, West Antarctica, and 
eastern Australia (e.g., Ireland, 1992; Adams and Kelly, 1998; Adams et al., 1998; Cawood 
et al., 1999; Pickard et al., 2000; Cawood et al., 2002; Wandres et al., 2004; Adams et 
al., 2007; Adams et al., 2009a,b; Adams et al., 2017). To assess the provenance of the 
Murihiku Terrane, we combined our new analytical data (935 zircon ages) with previously 
published data from Adams et al. (2007) (Figs. 3.10, 3.11; 241 concordant zircon ages from 
four sandstone samples).
Detrital zircon age spectra from the Murihiku Terrane are dominated by a large proportion 
of ages that closely approximate the time of deposition (Fig. 3.10). This indicates that the 
sediments were most likely deposited simultaneously with arc volcanism (e.g., Cawood et 
al., 2012). The relatively low number of older zircon grains implies that detrital input from an 
older arc or a continental source was restricted. The occurrence of abundant angular volcanic 
lithics, corresponding to the undissected arc field (Fig. 3.4), further supports the idea that the 
main source of detritus was derived from first-cycle, syn-depositional magmatism. An influx 
of older (Paleozoic) and younger (Triassic–Jurassic) detrital zircon grains is recognized in 
the younger (Middle Triassic to Jurassic) Taringatura, Diamond Peak, Ferndale, and Mataura 
groups (Fig. 3.10a). The higher proportion of quartz and feldspar in the younger groups (Fig. 
3.4) supports the interpretation that Murihiku basin detritus was derived from more diverse 
sources during the Middle Triassic and Jurassic. 
Detrital zircon ages of 262–248 Ma match igneous zircon ages of 261–252 Ma from the I-type 
Longwood Suite of the Median Batholith (Fig. 3.11). The Longwood Suite, which records a 
pulse in magmatism at 258 Ma, is a layered gabbro and trondhjemite igneous complex that 
intruded the Brook Street Terrane in Southland (Figs. 3.3, 3.11; Price et al., 2006; McCoy-
West et al., 2014). The 248–235 detrital zircon ages match a magmatic pulse in the Tuhua 
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Figure 3.10: Combined kernel density estimates of samples from this study (n = 935) and Adams et al. 
(2007; n = 241) for the Murihiku Terrane. Black numbers represent U/Pb ages that are not shown in plot. 
a. Kernel density estimates for the Murihiku Terrane (Southland region). b. Kernel density estimates for the 
Murihiku Terrane (Kawhai region).  c. Bivariate 2d kernel density estimation of U/Pb detrital zircon ages (grey 
circles) against inferred depositional ages of samples from the Murihiku Terrane.
Intrusives at ~245 Ma (e.g., the 245 ± 4 Ma Oraka Hybrids in southern Southland, Median 
Batholith; Price et al. 2006). It is therefore likely that the Longwood Suite and Tuhua Intrusives 
provided proximal sources for the clastic sediments.
Detrital zircon grains of 230–195 Ma coincide with a major period of magmatism in the 
Median Batholith, recorded in the I-type gabbroic, dioritic and granitic Darran Suite (Fig. 3.11; 
232–125 Ma). In particular, we recognize resemblance between prominent detrital zircon 
age peaks (~230 Ma, ~225 Ma, ~205 Ma, ~200 Ma and ~150 Ma) and magmatic pulses 
54
Chapter 3
in Darran Suite (Fig. 3.11; ~230 Ma, ~205 
Ma, ~195 Ma and ~150 Ma). It is therefore 
possible that the Darran Suite, or a coeval 
along-strike correlative igneous complex 
(e.g., in the Lord Howe Rise; Mortimer et al., 
2015), was a major source of detritus for the 
Murihiku Terrane after c. 230 Ma (Fig. 3.11).
Early–Middle Jurassic detrital zircon grains 
from the Ferndale Group constitute the 
youngest detrital zircon age population 
recorded in the Murihiku Supergroup in 
Southland (Figs. 3.10a, 3.11). Similar detrital 
zircon age populations and clasts are 
also found in Middle Jurassic rocks of the 
Brook Street Terrane (Barretts Formation), 
northwest of the study area (Fig. 3.3; Tulloch 
et al. 1999; Adams et al., 2002), suggesting a 
possible common source. However, there is 
only limited evidence for magmatism at 190–
175 Ma in the Median Batholith (Fig. 3.11). 
One explanation for the scarcity of these 
ages in the Median Batholith is that such 
igneous rocks were subsequently ‘intruded 
out’ and/or remobilized by voluminous 
Late Jurassic to Cretaceous magmatism. 
Alternatively, it is possible that the source 
of the Early Jurassic zircon grains was not 
local, but was rather associated with more 
distant magmatic regions along the eastern 
Gondwanan margin. The incorporation of 
more distant sources could explain the 
increased contribution of 500–600 Ma and 
900–1300 Ma zircon ages observed in 
140 160 180 200 220 240 260
160 180 200 220 240 260
180 200 220 240 260 Age (Ma)
Age (Ma)
Age (Ma)
Darran Suite
(c. 232-125 Ma)
Longwood Suite
(c. 261-252 Ma)
Darran Suite (c. 232-125 Ma) Longwood Suite(c. 261-252 Ma)
Darran Suite (c. 232-125 Ma) Longwood Suite(c. 261-252 Ma)
195
205
230 240 245
225 245
205175
200
225
255
225
245
240
265
245 260
230
205
195
170
245 260
230
205
195
170
160
150
150 225
245 260
230
58
58
K
er
ne
l d
en
si
ty
 e
st
im
at
e
Taringatura 
Group
North Range 
Group
Kuriwao 
Group
Mataura Group
Ferndale Group
Diamond Peak 
Group
Huriwai 
Group
Newcastle 
Group
a
b
c
Figure 3.11: Probability density plot of dated 
plutonic suites from the Tuhua Intrusives (black; n = 
90), as well as kernel density estimate of detrital U–
Pb zircon ages from sedimentary successions after 
this study (n = 935) and Adams et al. (2007) (n = 241) 
of the Murihiku Terrane respectively. Dated plutonic 
suite ages obtained from: Kimborough et al. (1992, 
1994); Muir et al. (1998); Tulloch et al. (1999); Allibone 
and Tulloch (2004); Price et al. (2006); Allibone et al. 
(2007, 2009); Scott and Palin (2008); Ramezani and 
Tulloch (2009); McCoy-West et al. (2014); Tulloch et 
al. (2019). 
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the Early and Middle Jurassic successions (Fig. 3.10; e.g., Diamond Peak and Ferndale 
groups), a pattern typical for detritus from the Tasmanides in eastern Australia (Fig. 3.1; 
Fergusson et al., 2017; Shaanan et al., 2018). Whatever the reason, the data do not support 
the suggestion that large quantities of Early Jurassic zircon grains were derived from the 
Median Batholith.
A number of previous authors have suggested that detritus in the Murihiku Terrane, as well 
as other Eastern Province terranes in New Zealand (e.g., accretionary complex terranes), 
was derived from sources in West Antarctica and eastern Australia. In Antarctica, Late 
Devonian and Carboniferous plutonic rocks occur in Marie Byrd Land and Victoria Land 
(e.g., Pankhurst et al., 1998; Elliot, 2012 and references within). However, given the scarcity 
of Permian–Triassic magmatism in these regions, it is unlikely that they provided a source 
region for the Murihiku Terrane. 
In eastern Australia, the Thomson-Delamerian, Mossman, Lachlan, and New England 
orogens (Fig. 3.1) contain extensive Paleozoic to Mesozoic igneous rocks (Rosenbaum, 
2018), as well as abundant recycled Proterozoic detrital zircon grains (e.g., Shaanan et 
al., 2018). It has therefore been suggested that eastern Australia is a suitable provenance 
for the Eastern Province accretionary complex terranes in New Zealand (Fig. 3.1; e.g., 
Adams et al., 2017). The Murihiku Terrane, however, shows a clear lack of older (early-mid 
Paleozoic and Proterozoic) zircon grains, thus ruling out an origin in eastern Australia. The 
collective data, therefore, is consistent with a relatively restricted and localized provenance 
in Zealandia.
3.6.3. Evolution of the magmatic arc 
The late Paleozoic and Mesozoic (300–160 Ma) detrital zircon grains from the Murihiku 
Terrane were likely derived from a continental magmatic arc source. Assuming that the 
chemical composition of zircon reflects the melt from which the zircon was crystallized (e.g., 
Caiborne et al., 2006; Barth et al., 2013; Kirkland et al., 2015; McKay et al., 2018), secular 
trends in the trace element concentrations can be used to provide insights into the evolution 
of the magmatic arc.  
All detrital zircon grains (in which rims were targeted) from the Murihiku Terrane are 
characterized by Th/U > 0.1, thus suggesting an igneous origin (Rubatto 2002). This 
conclusion is also supported by the dominant occurrence of oscillatory-zoned crystals 
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(Cordu et al., 2003). A change from lower Th/U (average mean and median values) to higher 
Th/U is recognized at 235–230 Ma. The overall increase in Th/U after ~230 Ma  (Fig. 3.8a, b) 
suggests an increased lithospheric contribution and partial melting of relatively felsic sources 
from which the zircon crystallized (based on the assumption that Th is enriched relative to U 
as crust matures; e.g., Barth et al., 2013; Kirkland et al., 2015; McKay et al., 2018). Also at 
~230 Ma, we recognize a decrease in Zr/Hf (Fig. 3.8c, d), which supports the idea that zircon 
crystallization occurred in more differentiated (intermediate) melts (Claiborne et al., 2006). 
The increase in U/Yb at ~230 Ma (Fig. 3.8e, f) might correspond to a period of enhanced 
slab-derived fluid contribution, possibly due to increased plate convergence that triggered 
enhanced lithospheric fluid flux at the mantle wedge (Barth et al., 2013).
The ratio Eu/Eu* provides information on the degree of plagioclase fractionation in the magma 
prior or during zircon crystallization, but is also sensitive to oxidation state (Trail et al., 2012). 
The recognition of low Eu/Eu* values (deep anomalies) in zircon grains dated 280–230 Ma 
(Fig. 3.8g, h) implies that plagioclase was present in the source and/or that plagioclase 
crystallization occurred during crustal differentiation (thereby depleting the melt in 2+Eu prior 
to or during zircon crystallization) (Trail et al., 2011, 2012). Higher Eu/Eu* values (shallower 
anomalies) after ~230 Ma (Fig. 3.8g, h) reflect a lesser participation of plagioclase in the 
magma history, possibly due to (1) an increase in the depth of differentiation (2012), or (2) 
an increase in the H2O concentration within the parental melts, which delayed plagioclase 
crystallization relative to the mafic phases (Keller et al., 2015). The latter interpretation is 
consistent with the hypothesis of a greater fluid involvement after ~230 Ma.
The collective trace element concentrations of detrital zircon grains dated 280–230 Ma is 
interpreted as reflecting less evolved and more mafic magmatism. This interpretation is 
compatible with the composition of the Longwood Suite (261–252 Ma; U–Pb SHRIMP) and 
its relatively primitive isotopic nature (Price et al., 2006; McCoy-West et al., 2014). Magmatic 
zircon grains from the Longwood Suite, characterized by initial 87Sr/86Sr values of 0.7030–
0.7031 and εNd(initial) of +5.4–7.8, do not show evidence of zircon inheritance, neither 
they indicate crustal contamination (Mortimer et al. 1999a; Adams et al. 2002; Spandler et 
al., 2005; Price et al. 2006; Nebel et al., 2007; McCoy-West et al., 2014). The occurrence 
of isotopically primitive arc magmatism is further consistent with (1) basaltic andesite and 
andesite volcanic arc sources inferred from major element compositions in sandstones 
(Roser et al., 2002); (2) positive εNd(initial) (> +6.0) and zero Nd model crustal residence 
ages (Frost and Coombs, 1989) in Early–Middle Triassic sedimentary rocks from the North 
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Range Group; and (3) positive εNd (initial) 
(+5.0) values from the late Permian Kuriwao 
Group (Adams et al., 2005). 
The change in detrital zircon trace element 
concentrations at 235–230 Ma coincides 
with the onset of the more evolved Darran 
Suite magmatism (232–125 Ma; Kimbrough 
et al., 1993, 1994; Muir et al., 1998; Mortimer 
et al., 1999a,b; Scott et al., 2008; Allibone 
et al., 2009). Relative to the late Permian 
Longwood Suite, Darran Suite rocks are 
characterized by higher initial 87Sr/86Sr 
ratios (0.7031–0.7039) and lower εNd(initial) 
values (+2 to -6) (Muir et al., 1998; Mortimer 
et al., 1999a; Scott et al., 2009; Price et 
al., 2006). This difference might reflect an 
increase in older crustal components (or 
more enriched lithosphere) in the Darran 
Suite melts. The transition to a more diverse 
and evolved (intermediate to felsic) magmatic 
product after 235–230 Ma is also detected 
in the sandstone whole-rock geochemistry 
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from the Murihiku Terrane, which shows a highly felsic (granitic) source in the Middle–Late 
Triassic and a granitic source in the Late Triassic and Jurassic (Roser et al., 2002). In 
addition, Middle Triassic–Jurassic sedimentary successions, as well as conglomerate clasts 
from the Murihiku Terrane are characterized by more diverse lower εNd(initial) (+3.7 to –0.6) 
values (Adams et al., 2005; Frost et al., 2005). 
3.6.4. Fore-arc basin development and episodic tectonic behaviour along the eastern 
Gondwanan margin
Our results support the interpretation that the Murihiku Terrane represents a long-lived fore-
arc basin, which was situated east of a continental magmatic arc associated with a west-
dipping subduction zone (Fig. 3.12). Sedimentation in the Murihiku Terrane likely initiated 
Figure 3.12: Tectonic reconstruction of the 
eastern Gondwana margin during the Jurassic (~165 
Ma), highlighting the position of New Zealand, New 
Caledonia and Median Batholith magmatism (in red). 
Reconstruction modified after Seton et al. (2012) b. 
Schematic cross section of the proposed tectonic 
setting of the Murihiku Terrane during the Jurassic 
(~165 Ma).
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shortly after the accretion of the Brook Street Terrane onto the eastern Gondwanan margin 
at c. 261 Ma, as constrained by the age of the intruding rocks of the Longwood Suite (Fig. 
3.3; McCoy-West et al., 2014). The interpretation that the post-Carboniferous history of the 
Median Batholith represents a continental magmatic arc linked to west-dipping subduction is 
re-enforced by the position of extensive early Mesozoic fore-arc and accretionary complex 
terranes (Figs. 3.2, 3.12; e.g., Rakaia, Kawhai, and Pahau terranes), which also received 
sediments from the Median Batholith (Wandres et al. 2004a). 
The transition from isotopically primitive and more mafic magmatism at 280–230 Ma to more 
evolved intermediate-felsic magmatism at 230–160 Ma marks a significant change in the 
style of arc magmatism along this sector of the eastern Gondwanan margin. This change 
coincides with (1) unconformities between the Lower–Middle Triassic North Range Group 
and the Middle–Upper Triassic Taringatura Group (Campbell et al., 2003a); (2) an influx of 
gravel-cobble size felsic and granitic clasts at the Middle–Upper Triassic successions of 
the Murihiku Terrane; and (3) a change in provenance, as recognized in the detrital zircon 
record (Fig. 3.10). Graham & Korsch (1990) have shown that ages of I-type granite cobbles 
from Middle–Upper Triassic successions in the Kawhia region (Fig. 3.2; North Island) are 
indistinguishable from the ages of the enclosing sedimentary rocks. These authors have 
therefore suggested a high-level emplacement of the Darran Suite and rapid unroofing of 
the plutonic rocks.
It appears that the onset of Darran Suite magmatism, at c. 232 Ma (McCoy-West et al., 2014), 
records a shift to more evolved, felsic-intermediate continental arc magmatism. This period 
was characterized by crustal thickening, high-level emplacement of plutonic rocks, unroofing 
of the granitic basement, and regional unconformities throughout the Murihiku Terrane (e.g., 
in the North Range and Taringatura groups). Re-melting of older (Proterozoic) basement 
rocks or a sedimentary component could have caused the shift to isotopically more evolved 
Darran Suite magmatism (Kimbrough et al., 1984; Frost and Coombs, 1989; Kimbrough et al., 
1994), but there is little evidence for the existence of a Proterozoic basement and/or crustal 
contamination (e.g., Muir et al., 1997,1998; Scott et al., 2009; McCoy-West et al., 2014). 
We therefore propose that the onset of the isotopically more evolved intermediate-felsic 
magmatism was triggered by a change in the geodynamic conditions. The abruptness of 
this change, which is also associated with regional unconformities between the North Range 
and Taringatura groups, is consistent with a tectonic cause (as opposed to mechanisms 
involving progressive thickening and assimilation of older material, which would produce a 
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more gradual change in the igneous mineralogy and chemistry).
The pronounced tectonic change at 235–230 Ma is not limited to New Zealand. In New 
Caledonia, the development of a major unconformity between Lower Triassic and Upper 
Triassic sedimentary successions of the Téremba Terrane was associated with uplift and 
influx of massive gravel-cobble sized volcanic conglomerate clasts into the depocentre of 
this fore-arc basin (Campbell et al., 2018). In eastern Australia the last phase of the Hunter-
Bowen Orogeny affected the New England Orogen at 235–230 Ma (Fig. 3.1), as manifested 
by uplift, regional angular unconformities, and the emplacement of I-type granitoids (Hoy 
and Rosenbaum, 2017). This period of orogenesis has been attributed to enhanced plate 
coupling associated with trench advance and/or slab flattening (Hoy and Rosenbaum, 2017; 
Rosenbaum, 2018).
The 235-230 Ma tectonic change in eastern Australia and Zealandia marks the end of the so-
called Gondwanide Orogeny, which affected the Gondwanan margin from 300 Ma to 230 Ma 
(Veevers 1989; Veevers and Morgan, 2000; Cawood, 2005). Some authors have suggested 
that orogenesis was driven by accretion of exotic terranes onto the Gondwanan margin (e.g., 
Vaughan and Pankhurst, 2008). However, the length of the Gondwanide Orogen (~18000 
km) was too extensive to be affected solely by terrane accretion. Alternatively, changes 
in arc magmatism, uplift, and deformation might have been controlled by larger-scale 
orogenic cycles. Hoy and Rosenbaum (2017) have suggested that deformation in eastern 
Australia at 235–230 Ma was driven by a period of increased convergence rate following 
a plate reorganization event along the eastern Gondwanan margin. Our results indicate 
that New Zealand was also affected by this event, which triggered magmatism in more 
inboard (western) positions (Darran Suite), and led to uplift and unroofing of intermediate-
felsic basement rocks.
3.7. CONCLUSIONS
New U/Pb zircon ages and trace element data (Th/U, Zr/Hf, U/Yb, Eu/Eu*, and Ti-in-zicon 
thermometry) provide insight into the tectonic evolution of the Murihiku Terrane. Our results 
suggest the Median Batholith was the main source of the Permian to Jurassic detritus. Our 
data do not support models that have invoked more distant or exotic sources (Coombs et al., 
1992; 1996;  Adams et al., 2007). The new data also indicate that a major tectono-magmatic 
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change  occurred along the Gondwanan margin at 235–230 Ma. Arc magmatism at 280–230 
Ma was characterized by relatively isotopically primitive intermediate and mafic compositions. 
After 235–230 Ma, magmatism became more diverse and evolved (intermediate/felsic). The 
switch in the zircon provenance occurred simultaneously with the formation of an intra-basin 
unconformity in the Murihiku Terrane (North Range to Taringatura Group) and the onset of 
Darran Suite magmatism. These events were coeval with magmatism, deformation, and 
uplift in other sectors of the eastern Gondwanan margin, thus suggesting that a larger-scale 
orogenic cycle was likely driven by a period of increased convergence rates following a plate 
reorganization event.
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CHAPTER 4
ORIGIN OF DISPERSED PERMIAN-TRIASSIC FORE-ARC BASIN 
TERRANES IN NEW ZEALAND: INSIGHTS FROM ZIRCON 
PETROCHRONOLOGY
Coastal outcrop of the Willsher Group, Kaka Point Structural Belt.
(Location: The Catlins Coast, New Zealand)
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FOREWORD: CHAPTER 4
This chapter deals with the provenance and tectonic setting of the Dun Mountain-Maitai 
Terrane and Kaka Point Structural Belt in New Zealand. Nick Mortimer and Annika Greve 
are acknowledged for their assistance with fieldwork and transportation of samples back to 
Australia. Gang Xia assisted with the making of thin sections for petrographic investigations. 
Charlotte Allen helped with lab work and processing of LA-ICP-MS zircon data. This chapter 
has been slightly modified based on a paper under review in Gondwana Research, co-
authored by Gideon Rosenbaum, Charlotte Allen and Nick Mortimer. 
Campbell, M. J., Rosenbaum, G., Allen, C. M., and Mortimer, N., in review, Origin of 
dispersed Permian-Triassic fore-arc basin terranes in New Zealand: insights from zircon 
petrochronology: Gondwana Research.
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4. ORIGIN OF DISPERSED PERMIAN-TRIASSIC FORE-ARC 
BASIN TERRANES IN NEW ZEALAND: INSIGHTS FROM ZIRCON 
PETROCHRONOLOGY
4.1. ABSTRACT 
Permian–Triassic fore-arc basin terranes are exposed in New Zealand, but their original 
positions and tectonic configurations along the eastern Gondwanan margin are not fully 
understood. To better constrain late Paleozoic and Mesozoic reconstructions, we investigated 
the provenance of Permian–Triassic marine sandstone units from the Dun Mountain-Maitai 
Terrane (Maitai Group) and the Kaka Point Structural Belt (Willsher Group). The recognition 
of abundant volcanic lithic fragments in the sandstone samples, combined with the pattern 
of detrital zircon ages (unimodal to bimodal 280–240 Ma age distribution), demonstrate 
that the upper Permian to Lower Triassic volcaniclastic successions were derived from a 
proximal arc source. The detrital zircon age spectra match magmatic pulses in the adjacent 
Tuhua Intrusives (Median Batholith), a conclusion similar to that recently proposed for the 
Brook Street Terrane (Grampian Formation) and Murihiku Terrane (Murihiku Supergroup). 
Trace-element data from the dated zircon grains provide further evidence for a Median 
Batholith source and cross-terrane provenance links. The data indicate that 275–230 Ma 
zircon grains from the Maitai Group, Willsher Group, and Murihiku Supergroup were derived 
from a common magmatic source, and that the late Permian Longwood Suite (261–252 Ma) 
in the Median Batholith was a source region for these terranes. Based on the cross-terrane 
provenance links, we suggest that the Brook Street and Murihiku terranes were deposited in 
the proximal part of a fore-arc basin, whereas the Dun Mountain-Maitai Terrane represents 
the distal part of the same basin. Sedimentation in the Maitai Group ceased during the 
Middle Triassic (~238 Ma), likely in response to a period of orogenesis at 235–230 Ma 
(Gondwanide Orogeny) that is widely recognized throughout the southwest Pacific.
4.2. INTRODUCTION
Convergent plate tectonic processes that took place along the eastern and southern margin 
of Gondwana are recorded in Permian to Cretaceous tectonostratigraphic terranes and 
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batholiths in eastern Australia and Zealandia (Mortimer et al., 2004, 2017; Rosenbaum, 
2018). In New Zealand, the Dun Mountain-Maitai, Murihiku, and Brook Street terranes 
(‘Central Arc terranes’; Adams et al., 2007) are made of arc-sourced clastic sedimentary 
and volcanic rocks (Fig. 4.1a). They are part of a collage of late Paleozoic and Mesozoic 
terranes in the Eastern Province of New Zealand, which are well exposed in southern South 
Island (Figs. 4.1b, c). However, there are still many open questions with regards to the 
tectonic relationships among these terranes, their original positions along the margin of 
Gondwana, and their allochthonous or parautochthonous tectonic origin (e.g., Coombs et 
al., 1976, 1992, 1996; Balance and Campbell, 1993; Roser et al., 2002; Roser and Coombs, 
2005; Adams et al., 2005, 2007). Understanding the sedimentary history of these terranes 
can help address these issues, which have major implications for the reconstruction of the 
Gondwanan margin.
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Figure 4.1: a. Tectonic map of the southwest Pacific (modified after Hoy and Rosenbaum, 2017). M, 
Mossman Orogen; NEO, New England Orogen. b.  Tectonostratigraphic map of New Zealand (from Chapter 
3). c. Time-space plot of basement terranes in New Zealand (Mortimer et al., 2014). Pulses of magmatism in 
the Tuhua Intrusives are indicated by wider symbols.
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In the Dun Mountain-Maitai Terrane, an early Permian ophiolitic suite (Dun Mountain 
Ophiolite; Coombs et al., 1976; Kimbrough et al., 1992) is unconformably overlain by upper 
Permian to Middle Triassic clastic sedimentary rocks derived from a volcanic arc (Maitai 
Group; Landis and Coombs, 1976; Landis 1980; Kimbrough et al., 1992; Campbell and 
Owen, 2003; Stratford et al., 2004). Two different interpretations have been proposed for the 
syn-depositional tectonic setting of the Dun Mountain-Maitai Terrane. Some authors (e.g., 
Adams et al., 2002, 2007; Robertson and Palamakumbura, 2019b; Robertson et al., 2019) 
have suggested that this terrane was originally positioned in a fore-arc setting associated 
with a west-dipping (current coordinates) subduction zone and a continental arc that is 
currently exposed in the New England Orogen (Fig. 4.1a; eastern Australia). Alternatively, 
other authors have suggested that detritus was derived from a more local provenance in 
Zealandia (Figs. 4.1, 4.2; e.g., Kimbrough et al., 1992; Mortimer et al., 2019).
The tectonic position of the Kaka Point Structural Belt (Willsher Group) in southern South 
Island is also controversial (Figs. 4.1b, 4.2). Jeans et al. (2003) have suggested that the 
Kaka Point Structural Belt is an independent terrane. Alternatively, it has been suggested 
that this unit belongs to the neighboring Murihiku or Dun Mountain-Maitai terranes (Campbell 
et al., 2003b; Roser and Coombs, 2005).
In this study, we present new U/Pb detrital zircon ages and trace-element data from five 
Permian–Triassic sedimentary rock units within the Maitai and Willsher groups (Fig. 4.3). Our 
results, together with published data from these tectonic units and other contemporaneous 
terranes in New Zealand (Cawood 1986, 1987; Frost and Coombs, 1989; Stratford 1990; 
Adams et al., 2002, 2005, 2007; Roser and Coombs, 2005), allow us (1) to test the hypothesis 
that detritus was derived from a nearby source (Tuhua Intrusives), and not from an exotic 
source; (2) to establish cross-terrane provenance links; and (3) to discuss the position that 
these terranes occupied along the Gondwanan margin.
4.3. GEOLOGICAL SETTING
The Pre–Late Cretaceous geology of New Zealand is subdivided into two major domains, 
namely the Western Province and the Eastern Province (Figs. 4.1b, c). Western Province 
terranes (Buller and Takaka terranes) record early Paleozoic convergent margin processes 
along the eastern Gondwanan margin (Cooper, 1989; Cooper and Tulloch, 1992; Mortimer 
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2004;  Adams et al., 2015). The late Paleozoic and Mesozoic history of the convergent 
margin is recorded in the Eastern Province terranes of New Zealand (Mortimer, 2004), as 
well as in New Caledonia (Cluzel et al., 2012). The Western and Eastern provinces are 
intruded by a magmatic belt (Tuhua Intrusives), which comprises the Median, Karamea, 
Paparoa, Hohonu, and Rangitoto batholiths. These plutonic rocks represent the root of a 
long-lived continental magmatic arc (Kimbrough et al., 1994; Muir et al., 1997; Muir et al., 
1998; Mortimer et al., 1999a,b; Allibone and Tulloch, 2004; Mortimer 2004; Price et al., 2006; 
Allibone et al., 2009; McCoy-West et al., 2014; Schwartz et al., 2017). Magmatism was 
active episodically from the Devonian to Cretaceous (Fig. 4.1c; e.g., Mortimer et al., 1999a, 
b), and was, in part, simultaneous with subduction-related magmatism in eastern Australia 
(Rosenbaum, 2018) and the Lord Howe Rise (Mortimer et al., 2015) (Fig. 4.1a). 
Six tectonostratigraphic terranes constitute the Eastern Province in New Zealand (Figs. 
4.1b, c; Mortimer, 2004, Mortimer et al., 2014). The Caples, Torlesse Composite, and 
Waipapa terranes are situated adjacent to the paleo-oceanic margin and consist of low-
grade metasedimentary successions that accumulated in accretionary complexes. Situated 
between these accretionary complex terranes and the Western Province are the Dun 
Mountain-Maitai, Murihiku, and Brook Street terranes, which represent remnants of arc-
related basins, with portions of mafic arc lavas (e.g., in the Brook Street Terrane; Houghton, 
1981, 1985; Houghton and Landis, 1989; Spandler et al., 2005) and an ophiolitic complex 
(Dun Mountain-Maitai Terrane; Kimbrough et al., 1992).
In southern South Island (Figs. 4.2, 4.3), the Dun-Mountain Maitai Terrane is underlain by 
the Caples Terrane and fault-bounded against the Kaka Point Structural Belt, Murihiku, and 
Brook Street terranes (Turnbull et al., 2003). The Murihiku Terrane consists of upper Permian 
to Lower Cretaceous (260–130 Ma) arc-sourced sedimentary rocks (Murihiku Supergroup; 
Campbell et al., 2003a; Noda et al., 2004) with rare interbedded Upper Triassic–Lower 
Jurassic volcanic rocks (Fig. 4.2; Park Volcanics Group; Coombs et al., 1992; Coombs et 
al., 1996). In contrast, the Brook Street Terrane consists of early to upper Permian volcanic 
and sedimentary rocks (Takitimu and Productus Creek groups; Houghton, 1981; Houghton 
1985; Houghton and Landis, 1989; Landis et al., 1999), unconformably overlain by Jurassic 
volcaniclastic sandstone and conglomerate (Landis et al., 1999; Adams et al., 2002). Volcanic 
and sedimentary rocks of the Brook Street Terrane are intruded by late Permian (261–252 
Ma) rocks of the Longwood Suite, which belong to the Median Batholith (Price et al., 2006; 
McCoy-West et al., 2014; Mortimer et al., 2019). The Brook Street Terrane is also intruded 
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by younger (232–125 Ma) magmatic rocks of the Median Batholith, referred to as the Darran 
Suite (Fig. 4.2; Kimbrough et al. 1994; Muir et al. 1998; Mortimer et al. 1999a; Allibone & 
Tulloch 2004; Allibone et al. 2009).
Within the Dun Mountain-Maitai Terrane (Figs. 4.2, 4.3), the Dun Mountain ophiolite is 
subdivided into the Dun Mountain Ultramafic and Livingstone Volcanic groups (Turnbull et 
al., 2003). These units consist of mafic volcanic and hypabyssal rocks (basalt, pillow lava, 
hyaloclastite) and minor dolerite and plagiogranite (Coombs et al., 1976; Kimbrough et al., 
1992; Turnbull et al., 2003). The age of the plagiogranite in the Dun Mountain Ophiolite has 
been constrained to the early Permian (Fig. 4.3; Kungurian; 283.5–273.2 Ma; Kimbrough et 
al., 1992; Jugum et al., 2019). 
The Dun Mountain Ophiolite is unconformably overlain by a well-bedded, middle Permian 
to Middle Triassic (265.1–237.0 Ma) marine sedimentary succession of the Maitai Group 
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Figure 4.2: Geological map of southern South Island (based on Chapter 3).
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(Landis 1980; Kimbrough et al., 1992; Campbell and Owen, 2003; Stratford et al., 2004; 
Campbell, 2019). The oldest part of the Maitai Group is the middle Permian (265.1–259.8 Ma) 
Upukerora Formation, composed of breccia conglomerate, volcanic sandstone, and siltstone 
(Figs. 4.2, 4.3; Stratford et al., 2004). The Upukerora Formation is conformably overlain by 
the upper Permian (259.8–254.1 Ma) Wooded Peak Limestone and Tramway Formation 
(Figs. 4.2, 4.3). The Wooded Peak Limestone is made of atomodesmatinid (bivalve rich) 
limestone; the Tramway Formation is composed of well-bedded grey fossiliferous sandstone 
and siltstone (Campbell and Owen, 2003; Stratford et al., 2004). 
The Lower Triassic (252–247.2 Ma) Little Ben and Greville formations conformably overlie 
the Tramway Formation (Figs. 4.2, 4.3), with the base of the Little Ben Formation lying 
close to the Permian–Triassic boundary (Krull et al., 2000; Stratford et al., 2004; Campbell 
2019a). The Little Ben Formation is composed of distinctive green, fine- to coarse-grained, 
unfossiliferious volcaniclastic sandstone; the Greville Formation is characterized by thick 
sequences of monotonously laminated dark grey mudstone and pale grey sandstone 
(Campbell and Owen, 2003; Stratford et al., 2004). Overlying the Greville Formation, the 
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Middle Triassic (247.2–238.5 Ma) Waiua Formation (Figs. 4.2, 4.3) is composed of red 
to reddish-purple colored and finer grained beds. The Middle Triassic (247.2–238.5 Ma) 
Stephens Subgroup overlies the Waiua Formation (Figs. 4.2, 4.3) and consists of thick-
bedded grey-green sandstone, subordinate red siltstone, and intraformational breccia 
(Aitchison et al., 1988; Aitchison and Landis, 1990; Campbell and Owen, 2003). 
The Kaka Point Structural Belt forms a fault-bounded wedge of Triassic sandstone and 
siltstone successions situated between the Dun Mountain-Maitai and Murihiku terranes in 
southern South Island (Figs. 4.2, 4.3; Campbell et al., 2003b). The rocks that constitute this 
tectonic unit belong to the Lower–Middle Triassic (251.2–237.0 Ma) Willsher Group, which is 
dominated by sequences of laminated siltstone and very fine-grained sandstone (Figs. 4.2, 
4.3; Campbell et al., 2003b). Previous authors have suggested that the Willsher Group might 
represent either (1) an independent micro-terrane (Jeans et al., 2003), (2) a sedimentary 
succession correlative to the Stephens Subgroup of the Maitai Group (Jeans et al., 2003; 
Campbell et al., 2003b), or (3) a sub-terrane of the Murihiku Supergroup (Roser et al., 2005).
4.4. METHODS AND DATA HANDLING
4.4.1. Sample collection and petrography
Five sandstone samples were collected from different formations within the Maitai and 
Willsher groups in southern South Island (Fig. 4.2 and Table 4.1). Thin sections were 
examined with a petrographic microscope. Point counting (300 points each on unstained 
thin sections) was done using the Gazzi-Dickinson method (Dickinson, 1985; see Digital 
Appendix 3.1). Petrographic data from this study were combined with previous data from 
the Dun Mountain-Maitai Terrane (Cawood, 1986, 1987; Stratford 1990) and compared with 
petrographic data from upper Permian to Middle Triassic sedimentary rocks of the Murihiku 
Terrane (Boles 1974; Campbell et al., 2001; Chapter 3).
4.4.2. U-Pb geochronology and geochemistry
Zircon crystals were collected from all five sedimentary samples and analyzed for U–Pb 
geochronology using LA-ICP-MS. Errors associated with individual analyses are reported 
as 2 standard error. 206Pb/238U age determination was used for ages younger than 1000 Ma, 
and 206Pb/207Pb for older ages. Sample locations are shown in Figure 4.2. Analytical results 
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and methodology are presented in Figures 4.5, Table 4.1, and Digital Appendix 3.2 and 3.3.
Adaptive kernel density estimation diagrams (KDE; Vermeesch, 2012) were used to 
examine the characteristic age spectra and temporal variations of detrital zircon ages in 
each sample. Maximum depositional ages for each sample were calculated based on 
the following methods, as set out by Dickinson and Gehrels (2009): (a) youngest single 
grain age (YSA); (b) youngest graphical age peak (YPP) controlled by more than one U/
Pb age; and (c) mean age of the youngest three or more grains that overlap at 2σ (YC2σ). 
For the purpose of this work, the more conservative YC2σ age (Dickinson and Gehrels, 
2009) was used to constrain the maximum depositional age (Table 1). For the comparison 
between geochronological ages and biostratigraphic constraints, we used the New Zealand 
Geological Timescale (Raine et al., 2015), with minor updates by Campbell (2019). 
Trace-element ratios in detrital zircon grains (Th/U, Zr/Hf, Dy/Yb, and Eu/Eu*) were 
investigated to obtain information on temporal variations in the melt composition and a 
further constraint on the provenance. To allow comparisons with other published work, Yb 
concentrations were estimated from measured Lu assuming Lu/Yb = 0.13. Eu anomalies in 
zircon were calculated by the deviation of Eu from a baseline defined by three REEs (Lu, Dy, 
Nd), following the method of Ballard et al. (2002). Data were examined using a combination 
of scatter plots and bivariate 2d kernel density estimate. Variations in the mean and standard 
deviation were calculated for time bins. To avoid the potential inclusion of metamorphic 
zircon grains in our synthesis, grains with Th/U < 0.1 were disregarded (Rubatto, 2002). 
4.4.3.  Cross-terrane provenance comparisons
Previously published zircon age data were compiled from the Maitai Group (Adams et al., 
2002, 2007) and compared against upper Permian to Middle Triassic data from the Murihiku 
(Kuriwao and North Range groups) and Brook Street (Grampian Formation) terranes. To 
assess detrital zircon provenance links between these terranes, we used multidimensional 
scaling (MDS), which is a statistical tool that allows visualising differences between detrital 
zircon ages (e.g., Vermeesch, 2013), and constructing maps on which ‘similar’ samples 
cluster closely together and ‘dissimilar’ samples plot far apart. 
To quantify the dissimilarity between samples, the maximum difference between the 
cumulative probability density functions for each pair of samples (the D statistic of the 
Kolmogorov-Smirnov test) was calculated. Samples were then plotted on a Euclidean plane 
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Table. 4.1: Sample description and maximum 
age constraints based on the methods of 
Dickinson and Gehrels (2009). YSA, youngest 
single grain age; YPP, youngest graphical age 
peak controlled by the ages of more than one 
grain; YC2σ, mean age of the youngest three or 
more grains that overlap in age at 2σ.  
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Figure 4.4: Sandstone discrimination diagram 
(after Dickinson 1985) showing the quartz (Q), 
feldspar (F) and lithic (L) components in samples from 
the Dun Mountain-Maitai and Kaka Point Structural 
Belt. Point counting results summarized in Digital 
Appendix 3.1. Also shown are data from the Murihiku 
Terrane (after Chapter 3). 
while attempting to honor the differences between samples in the dissimilarity matrix. As 
such, the distance between samples in the MDS plot is roughly equal to the dissimilarity 
between the samples based on the D statistic. Distances in the MDS maps are unitless and 
orientations (scales) are arbitrary.
The addition of normally distributed unimodal synthetic populations were used to further 
visualize differences between samples. It provides a vector on the MDS plot associated with 
an increasing contribution of a given age component (Spencer and Kirkland, 2016). For the 
purpose of this work, we plotted six synthetic populations (360 ± 5 Ma, 325 ± 5 Ma, 260 ± 5 
Ma,  250 ± 5 Ma, and 240 ± 5 Ma), which were previously recognised in Permian–Triassic 
samples in New Zealand (e.g., Adams et al., 2002, 2007).
4.5. RESULTS
4.5.1. Lithological and petrographic 
description
Four samples (051-NZ, 052-NZ, 050-NZ, and 
053-NZ) from the Maitai Group (Tramway, 
Little Ben, and Greville formations) and one 
sample (001-NZ) from the Willsher Group 
(Port Molyneux Siltstone) were collected 
from the southern South Island (Figs. 2, 3 
and Table 1). Samples from the Tramway 
Formation (051-NZ and 052-NZ) are fine-
grained (mode ~0.2 mm), sub-angular, 
moderately sorted sandstone. Sample 
050-NZ, from the Little Ben Formation, is a 
medium–fine grained (mode ~0.3 mm), sub-
angular, poorly sorted sandstone. Sample 
053-NZ, from the Greville Formation, is 
medium–coarse grained (mode ~0.5 mm), 
poorly sorted sandstone, consisting of sub-
angular to sub-rounded clasts. Sample 001-
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NZ, which was collected from a coastal outcrop of the Port Molyneux Siltstone (Figs. 4.3, 4.4 
and Table 4.1), is a fine-grained, moderately sorted sandstone (mode ~0.2 mm), consisting 
of sub-angular to sub-rounded clasts.
Sandstone samples from the Tramway Formation show a higher proportion of quartz relative 
to samples from the Little Ben and Greville Formations, which are dominated by volcanic 
lithics (Fig. 4.4). Our petrographic and point-counting observations are consistent with 
previous results from the Maitai Group (e.g., Cawood, 1986, 1987; Stratford 1990). Sample 
001-NZ from the Willsher Group shows a moderate proportion of quartz and volcanic lithics 
(Fig. 4.4) 
4.5.2. Detrital zircon cathodoluminescence and ages
A total of 449 new U/Pb concordant ages were obtained (out of 854 analyses of detrital 
zircon grains). Ages and constraints on the timing of deposition, based on the five samples 
analyzed here, are presented in Figure 4.5, Table 4.1, and the Digital Appendix 3.3.
The majority of detrital zircon grains from the Maitai and Willsher groups are texturally 
simple, showing oscillatory zoning and euhedral to sub-euhedral grains ranging 40–150 
μm in size (Fig. 4.5). A minor proportion (10%–15%) of grains show evidence of inherited 
cores. Samples from the Greville (053-NZ), Little Ben (050-NZ), and Tramway (051-NZ and 
052-NZ) formations in the Maitai Group show unimodal age spectra with prominent age 
peaks at ~265 Ma, ~260 Ma, and ~255 Ma (Figs. 4.5a–d). Sample 001-NZ from the Upper 
Triassic Port Molyneux Siltstone succession (Willsher Group) shows bimodal detrital zircon 
age spectra with ages of 290–210 Ma (Fig. 4.5e). Prominent age populations peaks are 
~250 Ma and ~245 Ma.
74
Chapter 4
220210 230 240 250 260 270 280 Age (Ma)
368
371
547
335
722
1742
301
343
358
316
416
554
1046
1160
302
310
245
250
255
260
260
265
c
d
b
a
e
K
er
ne
l d
en
si
ty
 e
st
im
at
e
050-NZ 
(Little Ben Formation)
n=142
051-NZ 
(Tramway Formation)
n=87
252.3±2.3 Ma 
(n=31)
(MSWD=0.39, 
probability=0.99)
253.0±3.4Ma 
(n=12)
(MSWD=0.43, 
probability=0.94)
236.4±1.9 Ma 
(n=24)
(MSWD=0.45, 
probability=0.99)
250.4±1.6 Ma (n=51)
(MSWD=0.49, 
probability=0.99)
247.1±5.8 Ma (n=6)
(MSWD=0.40, 
probability=0.85)
052-NZ 
(Tramway Formation)
n=24
053-NZ 
(Greville Formation)
n=27
001-NZ 
(Willsher Group)
n=166
186
195
128
261 Ma
268
252 Ma 255 Ma
248 Ma 259 Ma
239 Ma
249 Ma252 Ma
238 Ma
239 Ma
250 Ma
100 μm
246 Ma
254 Ma267 Ma
251
243 251
273 Ma
261 Ma
266 Ma
100 μm
100 μm
100 μm
100 μm
Figure 4.5: Kernel density estimates of detrital U/Pb zircon ages from the Dun 
Mountain-Maitai Terrane (a–d.) and Kaka Point Structural Belt (e). Also shown are 
cathodoluminescence images of selected zircon grains. Reported ages are based on 
the the youngest three or more grains that overlap at 2σ (YC2; see also Table 4.1). n = 
number of concordant/plotted analyses. Black italic numbers represent U/Pb ages that 
are not shown in the diagrams. Grey vertical bands represent depositional ages based on 
biostratigraphy (from Campbell, 2019). 
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4.5.3. Detrital zircon trace-element 
concentrations
The trace-element concentrations were 
investigated for detrital zircon grains that 
yielded ages of 275–230 Ma from the Maitai 
and Willsher groups (Fig. 4.6). Zircon grains 
from the Maitai Group are characterized by 
lower mean values of Th/U (0.50) and Dy/
Yb (0.15) in comparison with those from 
the Willsher Group (Th/U = 0.67; Dy/Yb = 
0.20). Minor differences between the two 
groups are also evident in the value of Eu/
Eu* (Fig. 4.6), with higher average Eu/Eu* 
and standard deviation (spread of data) in 
the Maitai Group (0.47 ± 0.29) relative to the 
Willsher Group (0.22 ± 0.13).
Scatter plots of Eu/Eu* vs Th/U, Zr/Hf, and 
Dy/Yb (Fig. 4.7a), as well as Th/U vs Dy/Yb 
(Fig. 4.7b), show that the Maitai Group data 
consist of two distinct groups. The first group 
(Group A) is characterized by Eu/Eu* < 0.45, 
whereas in the second group (Group B), 
Eu/Eu* > 0.45 and the values of Dy/Yb are 
relatively low (Fig. 4.7a, b). The zircon data 
from the Willsher Group represent only one 
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Figure 4.6: Scatters plots showing U/Pb detrital 
zircon ages vs Th/U, Zr/Hf, Dy/Yb, and Eu/Eu*. Also 
shown are calculated mean and standard deviation 
(SD) values from all zircons dated 275–230 Ma. Data 
from the Murihiku Terrane (Lower–Middle Triassic 
North Range Group) are from Chapter 3.
group, which is compositionally similar to Group A in the Maitai Group (Fig. 4.7).
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Figure 4.6: Trace-element scatter plots of 275–230 Ma detrital zircon grains from the upper Permian to 
Middle Triassic sedimentary rocks of the Maitai Group, Willsher Group and Murihiku Supergroup. a. Eu/Eu* vs 
Th/U, Zr/Hf and Dy/Yb plots. The red dashed line shows Eu/Eu* values of 0.45. b. Th/U vs Dy/Yb plots. c. Eu/
Eu* vs Th/U, Zr/Hf and Dy/Yb plots. d. Eu/Eu* vs Th/U, Zr/Hf and Dy/Yb plots. e. Th/U vs Dy/Yb plots. f. Th/U 
vs Dy/Yb plots.
77
Chapter 4
4.6. DISCUSSION
4.6.1. Constraints on the timing of deposition
Our detrital zircon data provide maximum age constraints of 253–247 Ma for the timing of 
deposition of the Maitai Group (Fig. 4.5). For the Greville Formation (sample 053-NZ), the 
maximum depositional age (247.1 ± 1.9 Ma; n = 6) overlaps within error with the Lower 
Triassic (252–247.2 Ma) biostratigraphic age for this formation. The constraint on the 
maximum depositional age of the Little Ben Formation (sample 050-NZ) is 250.4 ± 1.6 Ma 
(Fig. 4.5; n = 51), consistent with the biostratigraphic age (Lower Triassic; 252.2–247.2 
Ma; Campbell, 2019). Maximum depositional ages of 252.3 ± 2.3 Ma (n = 31) and 253.0 
± 3.4 Ma (n = 12) were obtained for samples 051-NZ and 052-NZ, respectively, from the 
Tramway Formation (Fig. 4.5). These depositional ages overlap with the upper Permian 
(Changhsingian; 254.1–252.2 Ma) biostratigraphic age of this formation (Stratford et al., 
2004; Campbell, 2019). We note that although the number of dated zircon grains from 
sample 052-NZ was relatively small (24 grains), the calculated depositional age constraint 
of 253.0 ± 3.4 Ma seems reliable, because it is identical (within error) to the age obtained 
from sample 051-NZ.
For the Willsher Group (Port Molyneux Siltstone; sample 001-NZ), the maximum depositional 
age is 236.4 ± 1.9 Ma (Fig. 4.5e; n = 24). This age overlaps within error with the Upper Triassic 
(Kaihikuan; 238.0–227.5 Ma) biostratigraphic age (Campbell et al., 2003b; Campbell 2019).
In summary, maximum depositional ages based on detrital zircon grains either (1) match 
the inferred fossil age range (050-NZ, 051-NZ, 052-NZ, 001-NZ), or (2) overlap within 
error with their biostratigraphic age (053-NZ). The youngest zircon ages are assumed to 
represent detritus from a volcanic source that was active during deposition, an assumption 
corroborated by (1) the abundant volcanic lithic fragments observed in thin sections (Fig. 
4.4); (2) the large portion of zircon ages that closely approximate the time of deposition (Fig. 
4.5; Cawood et al., 2012); (3) the euhedral to sub-euhedral zircon morphology (Fig. 4.5); 
and (4) the dominant occurrence of oscillatory zoning in zircon grains (Fig. 4.5; Cordu et al., 
2003).
4.6.2. Provenance of the Permian to Triassic Central Arc terranes 
The discussion below is based on our new zircon dataset from the Maitai Group (280 
concordant zircon ages from four sandstone samples), together with previously published 
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data from Adams et al. (2002, 2007). For the comparison with the Murihiku Supergroup, we 
used data from Adams et al. (2007) and Chapter 3.
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4.6.2.1. Detrital zircon age patterns and MDS plots
Detrital zircon grains from the Maitai and Willsher groups were derived from an igneous 
origin, as indicated by their high (>0.1) Th/U ratio (Rubatto 2002; Hoskin and Schaltegger, 
2003) and oscillatory-zoned crystals (Corfu et al., 2003). The majority of the detrital zircon 
ages (Figs. 4.5, 4.8a, b) closely approximate the time of deposition, as expected for syn-
depositional arc volcanism (e.g., Cawood et al., 2012). A minor component of older detrital 
zircon ages (400–300 Ma) is found in the Tramway Formation and the Stephens Subgroup 
(Fig. 4.8a, b), implying (1) an input from older magmatic sources, and/or (2) recycling of 
older sedimentary components. The higher proportion of quartz clasts in the Tramway 
Formation supports the suggestion that the late Permian source was more diverse/evolved 
in comparison to the source of the Lower Triassic Little Ben and Greville formations, which 
are dominated by volcanic lithics (Fig. 4.4).
Kernel density estimate and MDS plots show that samples from the upper Permian Tramway 
Formation of the Maitai Group (051-NZ, 052-NZ)  have detrital zircon age patterns that closely 
match those of the upper Permian Grampian Formation of the Brook Street Terrane (Figs. 
4.8a, c, e). These similarities indicate a possible cross-terrane provenance link between the 
Maitai Group and the Brook Street Terrane during the Permian. However, the comparison to 
the Murihiku Supergroup is problematic, because age data are available only from a single 
sample from the upper Permian (259.8–254.1 Ma) Kuriwao Group (Adams et al., 2007). 
The available data from Adams et al. (2007) do not match the expected Permian age of this 
rock, showing abundant Triassic zircon ages and a prominent age peak at ~245 Ma. Lower–
Middle Triassic rocks from the Murihiku Supergroup (North Range Group) also contain a 
younger (~240 Ma) age peak (Figs. 4.8d,e) that is absent in the Maitai Group (Figs. 4.8a,e; 
Little Ben, Greville formations, and Stephens Subgroup).
The comparison between the Willsher Group and the other terranes is not straightforward, 
because available sandstone samples do not represent equivalent times of deposition. 
Sample 001-NZ from the Willsher Group is Upper Triassic (Kaihikuan; 238.0–227.5 Ma), 
slightly younger than samples 054-NZ and 081-NZ (Etalian; 246–238 Ma), and older than 
sample 004-NZ (Oretian; 227.1–221.0 Ma) from the Murihiku Supergroup (Figs. 4.2, 4.3; 
Chapter 3). Kernel density estimate plots show that detrital zircon age populations in the 
Willsher Group (265–248 Ma and 248–235 Ma) are similar to those found in the Maitai Group, 
Murihiku Supergroup, and Brook Street Terrane (Grampian Formation), thus suggesting a 
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shared source region. 
4.6.2.2. Zircon trace-element concentrations 
Detrital zircon grains from the Willsher Group and Murihiku Supergroup, with ages of 275–
230 Ma, show only minor variations in their average trace-element ratios (Figs. 4.6, 4.7). In 
the Murihiku Supergroup, the values of Th/U (0.89 ± 0.25) and Zr/Hf (54.4 ± 6.3) are slightly 
higher relative to the Willsher Group (Th/U:0.67 ± 0.20; Zr/Hf: 49.0 ± 6.20). This implies 
zircon crystallization from a less differentiated (intermediate–mafic) melt, in comparison to 
a more differentiated (intermediate to felsic) melt for the Willsher Group (Claiborne et al., 
2006; Rubatto and Hermann, 2007; Wang et al., 2010). These minor variations observed 
in the trace-element concentrations are consistent with previous interpretations (based 
on sandstone whole-rock geochemistry), which indicate less evolved, basaltic–andesitic 
sources, for the Murihiku Group, and slightly more evolved, andesitic to dacitic sources, for 
the Willsher Group (Roser et al., 2002; Roser and Coombs, 2005). The subtle differences in 
average trace-element ratios suggest that detritus was likely derived from different segments 
of the same magmatic system (Campbell et al., 2003b; Roser and Coombs, 2005).
Zircon trace-element concentrations from the Maitai Group are different than those from the 
Willsher Group and Murihiku Supergroup, showing two distinct compositional clusters (Fig. 
4.7). The first cluster, called ‘Group A’, is similar to the data from the Willsher Group and 
Murihiku Supergroup, implying that they were likely derived from a similar magmatic system. 
The second cluster, ‘Group B, is characterized by elevated Eu/Eu* (<0.45) and low Dy/Yb 
values (Fig. 4.7). Elevated values of Eu/Eu* (shallower anomalies) imply lesser participation 
of plagioclase fractionation in the magma history, either due to an increase in the depth of 
differentiation (Trail et al., 2011, 2012), or because of an increase in the H2O concentration 
within the parental melts (thus delaying plagioclase crystallization relative to mafic phases; 
Keller et al., 2015). In contrast, Dy/Yb, a middle to heavy REE ratio is often used as a 
proxy for crustal thickness at the time of zircon crystallization (assuming that garnet, which 
can be in source areas for continental crustal magmas and is highly sensitive to pressure, 
incorporates HREE + Y relative to other trace elements including MREE and LREE; Barth 
et al., 2013).
In magmatic rocks, Eu/Eu* values have been shown to decrease as a function of decreasing 
temperature during plagioclase crystallization (Trail et al., 2012). Additionally, Dy/Yb has 
been shown to covarying significantly with Th/U within a single igneous sample (e.g., 
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Schartz et al., 2017), suggesting that the parameters reflect variable fractional crystallization 
processes rather than differences in depth (i.e., crustal thickness). On the basis of these 
observations, we suggest that the existence of Group B in the Maitai Group is related to 
fractional crystallization and not to differences in depths of melting and/or different sources. 
The minor variations in detrital zircon trace-elements concentrations at 275–230 Ma likely 
reflect along-strike variations in fractional crystallization.
4.6.2.3. Source regions along the eastern Gondwana margin
Detrital zircon ages of 265–248 Ma in the Maitai Group, Willsher Group, and Brook Streets 
Terrane (Grampian Formation) overlap with the known age range of the Longwood Suite 
(4.9a–d; 261–252 Ma; Price et al., 2006; McCoy-West et al., 2014; Mortimer et al., 2019). 
The Longwood Suite is part of the Median Batholith; it is an isotopically primitive, low K, 
I-type gabbro- and trondhjemite-dominated igneous suite that intruded the Brook Street 
Terrane in Southland (Fig. 4.2; Price et al., 2006; McCoy-West et al., 2014). Provenance 
links between the Maitai Group and the Longwood Suite have recently been suggested on 
the basis of a single ~251 Ma conglomerate clasts from the Lower–Middle Triassic Stephens 
Subgroup (Maitai Group; Mortimer et al., 2019). Th/U of Maitai Group detrital zircons from 
this study, as well as zircon data from the ~251 Ma conglomerate clast from the Stephens 
Subgroup (Mortimer et al., 2019), overlap with the Th/U field defined by magmatic zircon 
grains from Longwood Suite rocks (Fig. 4.9e; Price et al., 2006; McCoy-West et al., 2014). 
Detrital zircon ages of 248–235 Ma are abundant in the Willsher Group and Murihiku 
Supergroup (Figs. 4.9b,d) and approximately overlap with a minor pulse in magmatism at 
~245 Ma in southern South Island. In particular, the detrital zircon ages overlap with the 
age of igneous zircons from the Oraka Hybrids (245 ± 4 Ma; Price et al. 2006), with both 
showing approximately similar Th/U values (Fig. 4.9e). Older detrital zircon grains (Fig. 4.9a; 
380–320 Ma) in the Maitai Group were likely sourced from Devonian and Carboniferous 
igneous complexes (Karamea, Paringa, Ridge, and Tobin suites; Allibone et al., 2009) and/
or from along-strike equivalent rocks in the submerged basement of the Campbell Plateau 
(Tulloch et al., 2019). 
Previous studies have also considered West Antarctica and eastern Australia as possible 
source regions for detritus of the Torlesse Composite, Caples, Waipapa, and Dun Mountain-
Maitai terranes (e.g., Adams et al., 2002, 2007). Late Devonian and Carboniferous magmatic 
rocks are found in Marie Byrd Land and Victoria Land in Antarctica (Figs. 4.10a–c; e.g., 
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Figure 4.9: a-d. Probability density plots and histograms of dated plutonic suites from the Tuhua Intrusives 
(n = 191; after Mortimer and Campbell, 2014), as well as kernel density estimate of detrital U/Pb zircon ages 
from upper Permian to Middle Triassic successions from this study (n = 446), Adams et al. (2002, 2007; n = 
363), and Chapter 3 (n = 186). e. Compiled Th/U ratios of zircons from Permian to Triassic magmatic rocks 
in the Median Batholith (Price et al., 2006; McCoy-West et al., 2019) examined against Th/U ratios of detrital 
zircons from the Maitai, Willsher groups and Murihiku Supergroup (this study and Mortimer et al., 2019).
Pankhurst et al., 1998; Mukasa and Dalziel, 2000; Korkonen et al., 2010; Elliot, 2013; 
Yakymchuk et al., 2015; Riley et al., 2017), but Permian–Triassic magmatism in this part of 
Antarctica is sparse. Therefore, the lack of evidence of Permian–Triassic magmatism makes 
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these regions unlikely sources for the Maitai Group (Figs. 4.10a–c). In addition, abundant 
Mesoproterozoic to Neoproterozoic (1300–900 Ma) and Neoproterozoic to early Paleozoic 
(700–400 Ma) detrital zircon ages are found in late Paleozoic to Mesozoic volcaniclastic 
sedimentary rocks from the adjacent central Transantarctic Mountains (Elliot and Fanning, 
2008; Elliot et al., 2015, 2016, 2017; Nelson and Cottle, 2017), but these ages are absent in 
the Maitai Group (Figs. 4.10b, c). If the Maitai Group received detritus from Antarctica, it is 
difficult to explain the absence of Mesoproterozoic to early Paleozoic zircon age components.
An alternative source region in eastern Australia (New England and Lachlan orogens) might 
explain the presence of abundant Permian–Triassic and older (Paleozoic–Proterozoic) 
zircon age components in the Torlesse Composite, Caples, Waipapa, and Dun Mountain-
Maitai terranes (Fig. 4.1a; Adams and Kelly, 1998; Adams et al., 1998, 2002, 2007, 2009a, 
b, 2011, 2012, 2013; Robertson and Palamakumbura, 2019b; Robertson et al., 2019). 
Permian–Triassic and older (Ordovician–Carboniferous) magmatic rocks are widespread in 
the New England (NEO) and Lachlan orogens (Figs. 4.10d–f), but these potential sources, 
as well as the more inboard Thomson–Delamerian Orogen, also contain abundant older 
(1300–900 Ma and 700–400 Ma) zircon age populations (Figs. 4.10d–f). The lack of these 
age populations in the Maitai Group and Murihiku Supergroup (Figs. 4.10d–f) rules out a 
direct continental drainage for sediment transport from the New England, Lachlan, and 
Thomson–Delamerian orogens. Furthermore, the Lachlan Orogen includes voluminous 
Silurian to Devonian igneous rocks (Figs. 4.1a, 4.10f; 436–393 Ma; Rosenbaum, 2018), 
which are absent in the detrital zircon record of the Maitai Group. 
An additional constraint on the provenance is the Th/U signature of 275–230 Ma magmatic 
zircon grains from Permian–Triassic igneous rock in the NEO, which have a higher Th/U 
average (0.63) relative to the Longwood Suite (Fig. 4.10g). The low Th/U value of magmatic 
zircons from the Stephens Group (~251 Ma conglomerate clast; Mortimer et al., 2019) does 
not overlap with the Th/U field defined by the NEO (Fig. 4.10g). Furthermore, Th/U data from 
detrital zircons in the Maitai Group (this study) only partly overlap with the lower end of the 
NEO Th/U field (Fig. 4.10g). We therefore suggest that Permian–Triassic zircon grains in the 
Maitai Group were unlikely derived from the NEO. The provenance of the Maitai Group was 
more likely associated with a restricted proximal source.
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Figure 4.10: a. Map of West and East Antarctica, highlighting the occurrence of basement rocks, sedimentary 
basins, and igneous rocks (modified from Elliot, 2013). b. Kernel density estimate of detrital U/Pb zircon ages 
from Paleozoic to Mesozoic sedimentary successions in the Transantarctic Mountains (n = 3444; after Elliot 
and Fanning, 2008; Elliot et al., 2015, 2016, 2017; Nelson and Cottle, 2017). c. Probability density plot of dated 
plutonic suites from Marie Byrd Land and Victoria Land in Antarctica (n = 36; after Mukasa and Dalziel, 2000; 
Korkonen et al., 2010; Yakymchuk et al., 2015; Riley et al., 2017), as well as kernel density estimate of detrital 
U/Pb zircon ages from Paleozoic to Mesozoic sedimentary successions in the Transantarctic Mountains and 
Maitai Group. d–e. Kernel density estimate of detrital U/Pb zircon ages from the Thomson-Delamerian, Lachlan, 
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f. Kernel density estimate of dated plutonic and volcanic suites from the Thomson-Delamerian, Lachlan, and 
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4.6.3. Implications for the late Permian to early Middle Triassic evolution of the eastern 
Gondwanan margin
The link between the Median Batholith (i.e. Longwood Suite) and the different terranes in 
New Zealand, provided by detrital zircon data, has significant implications for the Permian–
Triassic reconstruction of the Gondwanan margin. An allochthonous origin for the Dun 
Mountain-Maitai Terrane has been advocated by previous authors (e.g., Adams et al., 2002, 
2007; Robertson and Palamakumbura, 2019b; Robertson et al., 2019), who suggested 
that this terrane occupied a fore-arc depositional setting that received detritus from eastern 
Australia sources, such as the New England and Lachlan orogens (Fig. 4.1a). However, the 
recognition of appropiate igneous sources within the Median Batholith (Fig. 4.9; McCoy-
West et al., 2014) opens up a simpler explanation involving a localized proximal source.
Upper Permian to Middle Triassic sedimentation in the Murihiku Supergroup (Kuriwao and 
North Range groups) and Brook Street Terrane (Grampian Formation) likely initiated shortly 
after the accretion of the Brook Street Terrane onto the eastern Gondwanan margin at c. 
261 Ma, as constrained by the age of the intruding rocks of the Longwood Suite (Fig. 4.2; 
McCoy-West et al., 2014; Robertson et al., 2019). Continental arc magmatism was likely 
associated with a west-dipping subduction zone (Fig. 4.11a), as supported by the presence 
of early Mesozoic fore-arc and accretionary complex terranes (Fig. 4.1; Rakaia, Kaweka, and 
Pahau terranes). We propose that upper Permian to Triassic sedimentary successions in 
the Murihiku and Brook Street terranes, as well as the Kaka Point Structural Belt, developed 
in proximal fore-arc basin depositional environments adjacent to the Median Batholith on 
the margins of Gondwana (Figs. 4.11b, c). Published geochronological and geochemical 
data (e.g., Roser et al., 2002; Briggs et al., 2004; Noda et al., 2002, 2004; Frost et al., 
2005; Scott & Palin, 2008; Keeman, 2014) are consistent with this interpretation. Proximal 
magmatic sources associated with a minimal input from older continental sources during 
the Upper Permian to Middle Triassic are also consistent with εNd(initial) values from the 
Murihiku (Kuriwao and North Range groups; +1.5 to +5.0) and Brook Street (upper Permian 
Grampian Formation; –0.7) terranes (Adams et al., 2005). 
The tectonic position of the Dun Mountain-Maitai Terrane relative to the Median Batholith and 
other Eastern Province terranes (e.g., Brook Street, Murihiku) during the Permian and Triassic 
is more contentious. In contrast to the proximal, fore-arc basin depositional environment 
of the Murihiku and Brook Street terranes, an elongated, deep-marine sedimentary basin 
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depositional environment has been proposed for the Dun Mountain-Maitai Terrane (Landis 
1980; Aitchison and Landis, 1990; Robertson and Palamakumbura, 2019b; Robertson 
et al., 2019). Paleocurrent data from the Tramway Formation indicate that sediment was 
transported from west to east (present-day coordinates; Landis 1974; Owen 1995; Robertson 
and Palamakumbura, 2019b; Robertson et al., 2019), thus implying derivation from eastern 
Gondwana (Australia–Antarctica). On the basis of sandstone whole-rock geochemistry, it 
has been suggested that detritus was derived from a predominantly basaltic-andesitic source 
(Aitchison and Landis, 1990; Roser et al., 2002; Roser and Coombs, 2005). Transportation 
of detritus to an elongated, deep-marine sedimentary basin of the Maitai Group was likely 
achieved through a series of submarine fans (Landis 1980; Aitchison & Landis, 1990) that 
developed along the continental margin. The potential contribution from a continental source 
explains the presence of (1) an additional, minor, component of 320–380 Ma zircon ages 
in the Maitai Group (Fig. 4.9), and (2) the more diverse εNd(initial) values (–2.7 to +6.5) in 
the Maitai Group (Adams et al., 2005) in comparison with the Murihiku and Brook Street 
terranes.
The recognition that zircon grains from the Maitai Group and Longwood Suite are characterized 
by similar ages and trace-element compositions indicates that the likely source region of 
the Maitai Group was in Zealandia (Figs. 4.11a,b; Median Batholith). A Median Batholith 
provenance is supported by evidence for cross-terrane links between the Maitai, Murihiku 
and Willsher groups, as indicated by 275–230 Ma detrital zircon ages and trace-element 
concentrations (Figs. 4.6, 4.7). Previous suggestions that Maitai Group conglomerate clasts 
were derived from the Median Batholith (Kimborough et al., 1992; Mortimer et al., 2019) are 
further reinforced by similarities between the Th/U values of detrital and magmatic zircons 
(Fig. 4.9e). The shallow-water Permian–Triassic volcaniclastic sedimentary rocks (Brook 
Street and Murihiku terranes), which occur west of the deeper-water sedimentary rocks 
of the Maitai Group, received sediments from similar sources (as indicated by the cross-
terrane provenance links), thus indicating that they represent the proximal and distal parts 
of the same fore-arc basin, respectively (Figs. 4.11b,c).
Sedimentation of the Maitai Group (Stephens Subgroup) ceased at ~238 Ma (Fig. 4.3). 
What caused this cessation is still unclear, but temporally it falls close to a major tectono-
magmatic change that occurred along the Gondwanan margin at 235–230 Ma, marking the 
end of the so-called Gondwanide Orogeny (300–230 Ma; Veevers,1989; Cawood, 2005). In 
New Zealand, the change corresponds to the onset of Darran Suite magmatism at c. 232 
88
Chapter 4
Ma (e.g. Kimbrough et al., 1994; McCoy-West et al., 2014), a shift to more evolved (felsic-
intermediate) continental magmatism, crustal thickening, high-level emplacement of plutonic 
rocks, unroofing of the granitic basement, and regional unconformities throughout the 
Murihiku Terrane (e.g., North Range and Taringatura groups; Chapter 3). The Dun Mountain-
Maitai Terrane might have been affected by this period of orogenesis, causing uplift and 
cessation of sedimentation in the Maitai Group. This period of orogenesis is also recognized 
throughout other sectors of eastern Gondwana, including (1) major unconformities between 
Lower Triassic and Upper Triassic sedimentary successions of the Téremba Terrane, New 
Caledonia (Fig. 4.1a; Campbell et al., 2018), and (2) the last phase of the Hunter-Bowen 
Orogeny that affected the New England Orogen in eastern Australia at 235–230 Ma (Fig. 
4.1a), as manifested by uplift, regional angular unconformities, and the emplacement of 
I-type granitoids (Hoy and Rosenbaum, 2017). 
4.7. CONCLUSIONS
New U/Pb zircon ages and zircon trace-element data (Th/U, Zr/Hf, Dy/Yb and Eu/Eu*) provide 
insights into the tectonic setting of the Permian–Triassic Dun Mountain-Maitai Terrane and 
Kaka Point Structural Belt. Detrital zircon grains from these terranes show prominent 280–240 
Ma age populations, which are also recognized in the Murihiku and Brook Street terranes. 
The detrital zircon ages are similar to the ages of plutons in the Median Batholith (e.g., the 
late Permian Longwood Suite), indicating that the Median Batholith was the most likely 
source for these sediments. A localized source in Zealandia is further supported by cross-
terrane provenance links between Eastern Provenance Central Arc terranes, as indicated 
by detrital zircon patterns and trace-element compositions. Our data do not support the 
suggestion that the Central Arc terranes were derived from more distant or exotic sources.
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CHAPTER 5
TECTONIC EVOLUTION OF THE BROOK STREET TERRANE, 
NEW ZEALAND, AND IMPLICATIONS FOR TERRANE 
ACCRETION ALONG EASTERN GONDWANA
Mountain outcrops of the Permian Takitimu Group, Brook Street Terrane.
(Location: Takitimu Mountains, New Zealand)
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FOREWORD: CHAPTER 5
This chapter deals with the tectonic evolution of the Brook Street Terrane in New Zealand. 
Nick Mortimer, Hamish Campbell and Annika Greve are acknowledged for their assistance 
with fieldwork and transportation of samples back to Australia. Gang Xia assisted with the 
making of thin sections for petrographic investigations. Charlotte Allen helped with lab 
work and processing of LA-ICP-MS zircon data. Earlier versions of this chapter have been 
reviewed by Gideon Rosenbaum, Charlotte Allen and Nick Mortimer. 
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5. TECTONIC EVOLUTION OF THE BROOK STREET TERRANE, NEW 
ZEALAND, AND IMPLICATIONS FOR TERRANE ACCRETION ALONG 
EASTERN GONDWANA
5.1. ABSTRACT
The Brook Street Terrane is part of a collage of late Paleozoic and Mesozoic terranes in 
New Zealand, buts its tectonic history and original configuration/position along the eastern 
Gondwana margin is unclear. In order to better constrain the tectonic history and evolution 
of the Brook Street Terrane, we produced a new geological map of the Takitimu Mountains 
in the southern South Island region of New Zealand. In addition, we obtained new U/Pb 
zircon ages from hypabyssal suites that intruded the volcanic and volcaniclastic sedimentary 
succession of the Brook Street Terrane in the Takitimu Mountains (White Hill Intrusive Suite), 
and U/Pb detrital zircon ages (and corresponding zircon trace element concentrations) of 
Permian to Jurassic sedimentary rocks and active river sediments. We surmise that Brook 
Street Terrane developed as an offshore oceanic-type arc during a phase of early Permian 
trench retreat and back-arc crustal extension, temporally isolated from the Gondwana 
margin. The new age of the White Hill Intrusive Suite, 288.4 ± 6.0 Ma, coincides with the 
inferred biostratigraphic age of the Takitimu Group (290.1–272.3 Ma), and is substantially 
older than the age of Longwood Suite magmatism (261–252 Ma) of the Median Batholith. 
This new emplacement age for the White Hill Intrusive Suite is spatially and temporally 
linked to the allochthonous Brook Street Terrane arc, which was amalgamated with the 
Gondwana margin between c. 288 Ma and c. 261 Ma. U/Pb detrital zircon ages produced in 
this work, and their geochemical characteristics (trace element compositions), demonstrate 
that the upper Permian and Middle Jurassic volcaniclastic successions of the Brook Street 
Terrane were derived from a proximal arc source, as indicated by unimodal to bimodal zircon 
age spectra. The detrital zircon age spectra match magmatic pulses in the adjacent Median 
Batholith, indicating that following terrane amalgamation, the sedimentary environment of 
the Brook Street Terrane (as well as the Dun Mountain-Maitai and Murihiku terranes) was 
associated with a fore-arc basin tectonic setting along the Gondwana margin. 
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Figure 5.1: Map of major tectonic elements in 
eastern Australia and Zealandia (taken from Chapter 
4). 
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a5.2.  INTRODUCTION
The Permian to Cretaceous subduction 
history along the eastern margin of Gondwana 
is recorded in tectonostratigraphic terranes 
in eastern Australia and Zealandia (Fig. 5.1) 
(Mortimer et al., 2004, 2017; Rosenbaum, 
2018). In New Zealand, the Brook Street 
Terrane is composed of a sequence of 
Permian mafic to intermediate volcanic 
to volcaniclastic rocks, as well as minor 
hypabyssal plutonic rocks (Houghton, 1981, 
1985, 1986; Houghton and Landis., 1989; 
Landis et al., 1999). The Brook Street Terrane is part of a collage of late Paleozoic and 
Mesozoic terranes (Eastern Province terranes), which are well exposed in the southern 
South Island of New Zealand. However, the origin and tectonic evolution of the Brook Street 
Terrane along the eastern Gondwana margin remains unclear (e.g. Coombs et al., 1976; 
Houghton, 1981; Kimbrough et al., 1992; Landis et al., 1999; Mortimer et al., 1999; McCoy-
West et al., 2014; Mortimer et al., 2019; Robertson and Palamakumbura 2019a). 
Sedimentary and geochemical characteristics suggest the Brook Street Terrane formed in 
an intra-oceanic setting, which was unaffected by the continental margin and was ostensibly 
unrelated to the neighbouring terranes (e.g., Frost & Coombs 1989; Houghton & Landis 1989; 
Adams et al. 2005; Spandler et al., 2005b; Nebel et al., 2007; Robertson & Palamakumbura 
2019a). Based on the crosscutting magmatic bodies of the Median Batholith, which 
represents the root of the continental magmatic arc, the Brook Street Terrane is constrained 
to have accreted onto the Gondwana margin by the late Permian (c. 261 Ma; McCoy-West 
et al., 2014). While the age of some intrusive magmatic suites that intrude the Brook Street 
Terrane (Median Batholith) are known (e.g. Price et al., 2006; McCoy-West et al., 2014; 
Mortimer et al., 2019), there is relatively little information on the age and origin of many other 
magmatic suites within the Brook Street Terrane in the Takitimu Mountains (Figs. 5.2a, b). 
In fact, no radiometric ages have hitherto been obtained for the volcanic and sedimentary 
rocks of the Brook Street Terrane. 
In this study, we present a new geological map of the Brook Street Terrane in the Takitimu 
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Mountains, as well as new U-Pb zircon geochronological data from igneous and sedimentary 
rocks (Fig. 5.2b). The new geological map allows us to assess the structural and deformational 
history of the Brook Street Terrane in the Takitimu Mountains. In addition, the new U/Pb 
zircon age constraints enable us (1) to determine spatio-temporal relationships between the 
Brook Street Terrane and the Median Batholith, (2) to establish the likely provenance of the 
volcaniclastic sedimentary rocks and the tectonic setting during deposition, and (3) to better 
constrain the timing of terrane accretion along the eastern Gondwana margin.
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5.3.  TECTONIC SETTING
The main divisions of the Zealandia continental basement are the Western and Eastern 
Province (Figs. 5.1, 5.2a). Western Province terranes (Buller and Takaka terranes) in New 
Zealand record early Paleozoic convergent margin processes along the eastern Gondwana 
margin (Cooper, 1989; Cooper and Tulloch, 1992; Mortimer 2004; Adams et al., 2015), while 
Eastern Province terranes in New Caledonia (Téremba, Koh-Central, and Boghen terranes) 
and New Zealand (Brook Street, Murihiku, Dun Mountain-Maitai, Caples, Torlesse Composite, 
and Waipapa terranes) record late Paleozoic to Mesozoic convergent margin processes 
(Mortimer, 2004; Cluzel et al., 2012; Campbell et al., 2018). Devonian to Cretaceous igneous 
rocks (Tuhua Intrusives) intrude Western and Eastern Province terranes in New Zealand, 
representing the roots of a long-lived continental magmatic arc that once intruded the paleo-
Pacific margin of Gondwana (Kimbrough et al., 1994; Muir et al., 1997; Muir et al., 1998; 
Tulloch et al., 1999; Mortimer et al., 1999a,b; Allibone and Tulloch, 2004; Mortimer 2004; 
Allibone et al., 2009; McCoy-West et al., 2014). 
The Eastern Province in New Zealand consists of six tectonostratigraphic terranes (Fig. 
5.2a; Mortimer 2004). The Caples, Torlesse Composite, and Waipapa terranes consist of 
low-grade metasedimentary successions that represent accretionary complexes (Mortimer 
et al., 2004). In the west, the Brook Street, Murihiku, and Dun Mountain-Maitai terranes are 
remnants of arc-related basins, with portions of the Brook Street and Dun Mountain-Maitai 
terranes containing mafic arc lavas (Houghton, 1981, 1985; Houghton and Landis, 1989; 
Spandler et al., 2005b) and an ophiolitic complex (Kimbrough et al., 1992), respectively. 
The Brook Street Terrane is the westernmost terrane in the Eastern Province, outcropping 
on both sides of the Alpine Fault and in direct geological contact with the Median Batholith 
(Fig. 5.2a). In the southern part of the South Island (Figs. 5.2a, b), the Brook Street Terrane 
is fault-bounded against the Murihiku Supergroup in the east (Letham Ridge Thrust) and the 
Dun Mountain-Maitai Terrane in the north (Hill Foot Fault). Exposures of the Brook Street 
Terrane occur in the Takitimu Mountains, the eastern Longwood Range, and the Riverton and 
Bluff peninsulas. The volcanic and volcaniclastic successions of the Brook Street Terrane 
are intruded by subduction-related, I-type plutonic rocks of the Median Batholith (Tuhua 
Intrusives), which include the late Permian Longwood Suite (261–252 Ma) and the Middle 
Triassic to Early Cretaceous Darran Suite (232–125 Ma) (Figs. 5.2a, b; Kimbrough et al. 
1994; Muir et al. 1998; Mortimer et al. 1999a; Allibone & Tulloch 2004; Allibone et al. 2009; 
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Figure 5.3: a. Geological map of the central and southern Takitimu Mountains. b. Stereographic projection 
of bedding planes and poles from the central Takitimu Mountains region. c. Stereographic projection of bedding 
planes and poles from the Telford Peak and upper Gibraltar Burn. d. Stereographic projection of bedding planes 
and poles in in lower Gibralter Burn, as well as calculated hinge (beta) of fold. e. Stereographic projection of 
bedding planes and poles south of Wairaki River and Nuggett Hill, as well as calculated hinge (beta) of fold. f. 
Stereographic projections of fault planes and slickenlines from along the Wairaki River. 
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Figure 5.4: Composite stratigraphic column 
of Brook Street Terrane in the Takitimu Mountains 
(Modified after Turnbull et al., 2003). 
Mortimer et al., 2019).
The Murihiku Terrane is composed of 
upper Permian to Upper Jurassic/Lower 
Cretaceous volcaniclastic successions 
(Murihiku Supergroup; Campbell et al., 
2003a) with rare interbedded Late Triassic to 
Early Jurassic volcanic rocks (Park Volcanics 
Group; Coombs et al., 1992; Coombs et al., 
1996). The Dun Mountain-Maitai Terrane 
is composed of an early Permian ophiolitic 
suite (Dun Mountain Ophiolite; Coombs et 
al., 1976; Kimbrough et al., 1992) that is 
unconformably overlain by well-bedded, 
Permian-Triassic turbidite successions of the 
Maitai Group (Landis 1980; Kimbrough et al., 
1992; Campbell and Owen, 2003; Stratford 
et al., 2004). 
5.4.  GEOLOGY OF THE TAKITIMU 
MOUNTAINS
The geology of the Takitimu Mountains 
is described here in combination with a 
new geological map (Fig. 5.3a), which 
integrates field observations from this study, 
information from previously published maps 
(MacCulloch, 1970; Maree, 1976; Willsman, 
1990; Houghton, 1977; Douglas, 1997; Aslund, 1998; Landis et al., 1999; Nebel et al., 
2007; Turnbull et al., 2003), and available geochronological and biostratigraphic constraints 
(Houghton 1977; Mortimer et al., 2019; Campbell, 2019). 
5.4.1. Stratigraphy and lithology
In the Takitimu Mountains (Figs. 5.3a; 5.4), the Brook Street Terrane constitutes a 17-km 
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Figure 5.5:  Field photos of the study area. a. Vertical to steeply dipping, north-south striking bedding 
of the Maclean Peak Formation, intruded by Mackinnon Peak Intrusive. b. Graded sandstone bedding in 
the MacLean Peak Formation. c. Hornblende-rich phenocrysts observed in Mackinnon Peak Intrusive. d. 
Fossiliferious, fine-grained volcaniclastic sandstone of the middle - late Permian Mangarewa Formation. e. East 
dipping bedding of the middle-late Permian Glendale Limestone. f. Conglomerate observed in the Early-Middle 
Jurassic Barretts Formation. g-h. Moderately inclined, eastward dipping sandstone and mudstone successions 
of the Brunel Formation in the upper Gibraltar Burn. i. Folded sandstone and conglomerate successions of the 
Takitimu Group (undifferentiated), south of the Wairaki River. j. Normal fault plane and associated R, R’ and P 
shear fabrics east of the Telford River.  
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thick sequence (Takitimu Group) of sparsely fossiliferous early and middle Permian volcanic 
and volcaniclastic strata overlain conformably by ~500 m of fossilifierous upper Permian 
volcaniclastic strata (Productus Creek Group) (Houghton, 1981; Houghton and Landis, 1989; 
Landis et al., 1999). The Takitimu Group is subdivided into six formations, which include 
(from oldest to youngest) the Brunel, Chimney Peaks, Heartbreak, Maclean Peaks, Elbow, 
and Caravan formations (Fig. 5.4). In the central Takitimu Mountains, these formations are 
well exposed in an eastward younging (north–south striking) sub-vertical succession (Figs. 
5.3a, 5.5a). Prominent lithologies in the Takitimu Group include siltstone, fine- to coarse-
grained volcaniclastic sandstone, and conglomerate with subordinate basaltic, andesitic and 
rhyodacitic lava flows (Figs. 5.3a, 5.5b; e.g. Houghton 1981, 1982, 1985; Houghton and 
Landis 1989; Landis et al. 1999). Scattered fossil localities throughout the Takitimu Group 
suggest an early Permian (290.1–272.3 Ma) age of deposition  (Campbell, 2019).
The Productus Creek Group lies southeast of the central Takitimu Mountains within a 
structurally complex area, conformably overlying the Caravan Formation and fault-bounded 
against the Murihiku Supergroup (North Range Group) by the Letham Ridge Thrust (Fig. 
5.3a; Landis et al., 1999). It is composed of two formations, the Mangarewa Formation 
and Glendale Limestone (Figs. 5.3a; 5.4). The Mangarewa Formation consists of richly 
fossiliferous limestone, pebbly conglomerate, volcaniclastic sandstone, and mudstone (Fig. 
5.5d). The overlying Glendale Limestone is composed of predominantly atomodesmatinid 
limestone with minor bioturbated sandy, tuffaceous and muddy horizons (Fig. 5.5e). The 
preservation of abundant fossils throughout the Productus Creek Group is indicative of 
middle to late Permian (272.3–252.2 Ma) age of deposition (Landis et al., 1999; Campbell, 
2019). 
The Takitimu and Productus Creek groups are unconformably overlain by ~200 m of 
quartzofeldspathic to volcaniclastic sandstone and conglomerate of the Middle Jurassic 
Barretts Formation (Figs. 5.3a, 5.4; Landis et al., 1999; Adams et al., 2002). The conglomerate 
is composed of well-rounded cobbles and boulders of medium to coarse-grained granitoids 
and porphyritic basaltic to andesitic volcanic rocks (Fig. 5.5f). Other clasts include amphibolite, 
prehnite- and epidote-bearing metabasalt and meta-andesite, garnet-biotite schist, flow-
banded rhyolite, welded ignimbrite, and reworked feldspathic-lithic sandstone (Landis et al., 
1999). An Early to Middle Jurassic (Uronian–Tamaikan; 188.9–164.3 Ma) depositional age 
is proposed for the Barretts Formation on the basis of pollens and mulluscs (Landis et al., 
1999). Younger Late Cretaceous (Ohai Group) and Eocene (Nightcaps Group) sedimentary 
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rocks unconformably overly the Takitimu and Productus Creek groups, and the Barretts 
Formation (Fig. 3a).
5.4.2.  Intrusive igneous suites
Intrusive rocks in the Takitimu Mountains consist of minor hypabyssal magmatic bodies, 
including the White Hill Intrusive Suite, Weetwood Sill, Mackinnon Peak Intrusive Suite, and 
Wether Hill Dikes (Houghton 1986; Landis et al., 1999; Turnbull et al., 2003). The White 
Hill Intrusive Suite consists of moderately to coarsely crystalline intrusive rocks of gabbroic 
to quartz dioritic composition, which intrude the Brunel, Chimney Peaks, Heartbreak, and 
Maclean Peak formations in the central Takitimu Mountains (Figs. 5.3a, 5.4). The intrusions are 
predominantly lensoid in shape and concordant with Takitimu Group stratigraphy, increasing 
in volume and grain size with stratigraphic depth (Houghton, 1986). The Weetwood Sill is a 
hypabyssal andesite within the Productus Creek Group (Fig. 5.3a). It was emplaced during 
the late Permian (258.8 ± 7.9 Ma; U/Pb zircon), and is considered to represent part of the 
Longwood Suite, Median Batholith (McCoy-West et al., 2014; Mortimer et al., 2019). 
The MacKinnon Peak Intrusive Suite is petrographically distinct from the volcanic rocks 
of the Takitimu Group and White Hill Intrusive Suite (Houghton, 1977). It is defined by a 
swarm of porphyritic hornblende-, anorthite- and salitic pyroxene-bearing dikes of basaltic 
composition intruding the Takitimu Group stratigraphy (Figs. 5.5a–c). K-Ar ages of 242–
231 Ma have been determined on hornblende concentrates from the Mackinnon Peak 
Intrusives (Houghton, 1977). Large, northeast–southwest striking monzodiorite and olivine 
monzodiorite dikes up to 5 km long (Wether Hill Dikes) and minor sills intrude both the 
Takitimu and Productus Creek groups, and the Mackinnon Peak Intrusive Suite (Figs. 5.3a, 
5.4; Willsman 1990; Douglas 1997; Landis et al., 1999; Turnbull et al., 2003).
5.4.3. Deformation of the Takitimu Mountains
The continuity of north-south striking, vertically to steeply inclined central Takitimu Mountain 
stratigraphy to the southern Takitimu Mountains region is unclear. At Telford Peak, shallow, 
southward dipping sedimentary successions are observed (Figs. 5.3a, c). This bedding 
orientation is perpendicular to the north-south striking, sub-vertical stratigraphy in the 
central Takitimu Mountains (Figs. 5.3a, b). In the upper Gibraltar Burn, shallow, westward 
dipping stratigraphy is observed that is similar to Brunel Formation (Figs. 5.3c; 5.5g, h). The 
orthogonal orientations of bedding in the central Takitimu Mountains and Telford Peak likely 
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suggest faulting along the Telford Burn and across to Windy Creek (Fig. 5.3a). 
Fault damage zones are abundant along the Wairaki River, with the majority of fault planes 
being steeply inclined to vertical with shallow slickenlines that indicate a strike-slip sense 
of movement (Figs. 5.3a, f). The abundant fault rocks suggest a major fault zone along 
the Wairaki River, bounding the southern limit of the mountain range (Fig. 5.3a). A well-
exposed, shallowly dipping northwest-orientated fault plane (dip, dip direction: 25-345) was 
also observed in a gully west of the Telford River. It composed of a north-trending, shallow 
slickenline (20-000) and R-, R’- and P’ shear planes, implying a dip-slip sense of movement 
(Figs. 5.3a, 5.5j).
Folds in the southern Takitimu Mountains occur on the northern and southern sides of the 
Wairaki River (Fig. 5.3a). In the lower Gibraltar Burn, an open, shallowly plunging synform 
was observed within sedimentary rocks assigned to the Brunel Formation, with a northwest-
southwest striking axial trace and fold hinge plunging to the southeast (Figs. 5.3a, d).  South 
of the Wairaki River and Nuggett Hill, an open, shallowly plunging antiform was observed, 
composed of a west-northwest axial trace and fold hinge plunging to the southeast (Figs. 
5.3a, e; 5.5i). 
To the southeast, the Takitimu Group, Productus Creek Group, and Barretts Formation 
are fault-bounded against the Murihiku Supergroup (North Range Group) by the Letham 
Ridge Thrust. The Letham Ridge Thrust is a shallow-dipping (<20°) fault that affected a 
broad (several hundred meters) zone (Fig. 5.3a; Landis et al., 1999). It contains blocks of 
folded limestone in a sheared mudstone matrix (Coral Bluff-Hawtel Melange), large slabs 
of fossiliferious pebble conglomerate (Wairaki Breccia), and highly deformed sedimentary 
rocks from the Murihiku Supergroup (Fig. 5.3a; Landis et al., 1999). The Letham Ridge 
Thrust and Wether Hill Dikes are truncated and displaced by a series of east-southeast 
trending normal faults and a northeast-trending fault (Tin Hut Fault) (Landis et al., 1999). 
5.5. SAMPLING AND METHODOLOGICAL APPROACH 
5.5.1 Sample collection and description
We collected one igneous sample (010-TK) from the White Hill Intrusive Suite, one 
sedimentary sample from the Glendale Limestone (002-TK), and four sedimentary samples 
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Figure 5.6: QFL plot of sandstones from Middle 
Jurassic successions in the Brook Street and Murihiku 
terranes in the southern South Island region. QFL 
fields after Dickinson et al. (1983) and Dickinson 
(1985). Point counting results summarized in Digital 
Appendix 4.1.
(003-TK, 004-TK, 018-TK, and 019-TK) from the Barretts Formation (Fig. 5.3a and Table 
5.1). Thin sections were examined with a petrographic microscope. 
Several active stream sediment samples (029-NZ, 057-NZ, 060-NZ, 088-NZ, 091-NZ, 
096-NZ and 102-NZ) were also collected (Fig. 5.3a and Table. 5.1). Previous works have 
shown a lack of zircons from Permian sedimentary successions in the Brook Street Terrane, 
thought to be due to (1) predominantly basaltic–andesitic compositions of volcanic and 
volcaniclastic successions, and (2) primitive Sr and Nd isotopic compositions (Adams et 
al. 2005). Thus, it was hypothesized that river sediments that drain portions of the Takitimu 
Mountains could provide bulk sampling of Brook Street Terrane, and representative zircon 
age spectra could be obtained. Samples 029-NZ, 057-NZ, and 096-NZ were collected from 
the lower Gibraltar and Telford Burn streams, which solely collect detritus from the Takitimu 
Mountains (Fig. 5.3a). Samples 060-NZ, 088-NZ, 091-NZ, and 102-NZ were collected from 
different segments on the Wairaki River, which receive detritus from the Takitimu Mountains 
and surrounding farmlands (Fig. 5.3a). 
Sample 010-TK is a greenish, fine-moderate diorite collected from White Hill Intrusive Suite 
in the central Takitimu Mountains (Fig. 5.3a and Table 5.1). Previously mapped by Houghton 
(1981), this intrusive suite is laccolithic and 
concordant with the sedimentary succession 
of the Maclean Peak Formation. The sample 
consists of <4 mm crystals of plagioclase 
and clinopyroxene with minor quartz, alkali 
feldspar and magnetite. Minor prehnite 
and chlorite alteration is present, indicating 
prehnite-pumpellyite facies metamorphism.
One sample (002-TK) was collected from 
a thin (10 cm) sandstone lens within the 
Glendale Limestone (Fig. 5.3a and Table 
5.1; Landis et al., 1999). This sample is a 
fine-grained (mode ~0.2 mm), sub-angular, 
moderately-poorly sorted carbonaceous 
sandstone, composed predominantly of 
carbonate minerals (calcite) with minor 
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quartz (5%) and volcanic clasts (15%).
Fours samples (003-TK, 004-TK, 018-TK, and 019-TK) were collected from the Barretts 
Formation (Fig. 5.3a; Landis et al., 1999). Sample 004-TK and 019-TK are medium-coarse 
grained (mode ~5 mm) poorly-moderately sorted sandstones, composed of sub-angular to 
sub-rounded clasts. Sample 003-TK is a fine-medium grained (mode ~2 mm) moderately 
sorted sandstone, composed of sub-angular to sub-rounded clasts. Sample 018-TK is a 
poorly sorted conglomerate, composed of predominantly sub-rounded clasts set within a 
medium-coarse grained (mode ~5 mm) sandstone matrix. Point counting (300 points for 
each unstained thin sections) using the Gazzi-Dickinson method (Dickinson et al., 1983; 
Dickinson, 1985; see Digital Appendix 4.1) show a moderate proportion of quartz (35%–40%) 
relative to feldspar (20%–25%) and volcanic lithics (34%–45%) (Fig. 5.6). Our petrographic 
and point-counting observations are consistent with previously reported results from the 
Barretts Formation (Fig. 5.6; Aslund 1988; Willsman 1990; Landis et al., 1999).
5.5.2  Heavy mineral separation and analytical procedures 
For mineral separation, samples were crushed using a disc mill (Fritsch pulverisette 13), 
until all material passed through a 425 μm mesh. Crushed material was repeatedly washed 
to extract silt- and clay-size particles, and was then dried in a 40°C oven. Magnetic minerals 
were removed using a Frantz magnetic barrier laboratory separator (model LB-1) and the 
non-magnetic fraction was put in a tapped funnel with diiodomethane (methylene iodide) 
heavy liquid to obtain heavy mineral separates. Zircon grains were handpicked using a 
binocular microscope, and mounted in epoxy resin. The mounted grains were polished to 
expose their inner sections, and imaged using both transmitted light (Zeiss AxioImager M2M 
microscope) at University of Queensland and an electron microscope (Jeol JSM5410LV) at 
the Queensland University of Technology (CARF).
Isotopic compositions were obtained for zircon using an Agilent 8800 Laser Ablation 
Inductively Coupled Plasma Mass Spectrometer (LA-ICP-MS) at the Queensland University 
of Technology, with procedures identical to Chapter 3 and 4. Data were collected in seven 
sessions during 2017–2019, with a total of ~400 analyses of each of the three reference 
materials NIST 610, Temora-2 zircon, Plešovice zircon. Calculated average 206Pb/238U ages 
for Plešovice grains for each analytical session (sessions 1 – 7) ranged between 328 Ma 
and 344 Ma. For full details on LA-ICP-MS data acquisition and analytical results see Digital 
Appendix 4.2 and 4.3. 
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5.5.3. Data handling and approach  
Adaptive kernel density estimation diagrams (KDE; Vermeesch, 2012) were used to examine 
the characteristic age spectra and temporal variations of detrital zircon ages in each sample. 
Maximum depositional ages for each sample were calculated based on the following methods 
(Dickinson and Gehrels, 2009): (a) youngest single grain age (YSA); (b) youngest graphical 
age peak (YPP) controlled by more than one U/Pb age, and (c) mean age of the youngest 
three or more grains that overlap in age at 2σ (YC2σ). For the purpose of this work, the 
more conservative YC2σ age (Dickinson and Gehrels, 2009) was used to constrain the 
maximum depositional age (Table 5.1). For the comparison between geochronological ages 
and biostratigraphic constraints, we used the New Zealand Geological Timescale 2015/1 
(Raine et al., 2015), with minor updates by Campbell (2019). 
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5.6. ZIRCON GEOCHRONOLOGY AND GEOCHEMISTRY
A total of 499 new U/Pb concordant ages were obtained from 740 analyses of detrital zircon 
grains from the Glendale Limestone and Barretts Formation. In addition, 16 concordant 
magmatic zircon ages (of 97 analyses) were obtained from the White Hill Intrusive Suite. A 
total of 359 concordant ages were obtained from 598 analyses of stream sediments. Results 
are presented in Table 5.1, Figs 5.7-5.10, and in the Digital Appendix 4.3.
5.6.1. U/Pb ages 
5.6.1.1. White Hill Intrusive - Diorite 
(010-TK)
Sample 010-TK yielded 17 concordant ages, 
with five grains yielding Carboniferous (340–
310 Ma) and ten grains Permian (297–271 
Ma) concordant ages (Fig. 5.7). The latter ten 
grains give a weighted mean age of 288.5 ± 
6.2 Ma, with an MSWD of 0.77. Two slightly 
younger zircon ages (~267 and ~268 Ma) 
were excluded from the weighted mean age 
calculation, as they did not overlap within 2 
standard error. If these ages are included, 
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the calculated weighted mean age is slightly younger (283.2 ± 7.5 Ma; MSWD = 1.7). For 
the purpose of this work, we consider 288.4 ± 6.0 Ma to be the emplacement age for the 
White Hill Intrusive Suite.
Figure 5.9: Kernel density estimates for river/
stream sediments from the Gibraltar, Telford Burns 
and Wairaki River. n = number of concordant/plotted 
analyses. 
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5.6.1.2. Glendale Formation (002-TK)
Sample 002-TK from the upper Permian Glendale Formation yielded only eight concordant 
zircon ages (Fig. 5.8a). The majority of these ages (n = 8) are clustered at 295–265 Ma, and 
one zircon age is older (~352 Ma).
5.6.1.3. Barretts Formation (003-TK, 004-TK, 018-TK and 019-TK)
Polymodal age spectra were obtained from samples 003-TK, 004-TK, and 018-TK (Figs. 
5.8b-e). In contrast, sample 019-TK shows unimodal age spectra. Ages are in the range of 
260–170 Ma, with peaks at ~255 Ma, ~240 Ma, ~210 Ma, ~205 Ma, ~190 Ma, and ~180 Ma. 
Sample 004-TK shows a few (n < 6) older ages (>300 Ma).
5.6.1.4. River sediment samples (029-NZ, 057-NZ, 060-NZ, 088-NZ, 091-NZ, 096-
NZ and 102-NZ)
Sample 029-NZ from the Gibraltar Burn yielded a distinct cluster of zircon ages at 140–120 
Ma, and a number (n < 9) of older ages (>240 Ma) (Fig. 5.9a). Two samples collected from 
the Telford Burn (057-NZ and 096-NZ) show unimodal age spectra (Figs. 5.9b, c). Ages are 
in the range of 300–240 Ma, with peaks at ~265 Ma and ~260 Ma. In contrast, samples 
060-NZ, 088-NZ, 091-NZ, and 102-NZ, which were collected from the Wairaki River, show 
either bimodal or polymodal age spectra (Figs. 5.9d–g). Ages are in the range of 340–150 
Ma, with age peaks at ~330 Ma, ~260 Ma, ~255 M, ~245 Ma, ~240 Ma, ~205 Ma, ~200 Ma, 
and ~180 Ma. 
5.6.2. Detrital zircon trace element concentrations
Variations in trace element concentrations were considered specially in detrital zircon grains 
from the Barretts Formation for those grains that yielded ages of 235–160 Ma (Figs. 5.10 
and 5.11). Three age groups are evident: 235–210 Ma, 210–190 Ma, and 190–160 Ma. 
Average Th/U, Zr/Hf and Dy/Yb ratios of these groups range between 0.88–0.81, 48–47, 
and 0.19–0.15, respectively (Figs. 5.10a–c and 5.11). Minor differences in Eu/Eu* values are 
evident between groups (Figs. 5.10d and 5.11). Zircons in groups 235–210 Ma and 210–190 
Ma are characterized by higher average values of Eu/Eu* (0.34 and 0.28, respectively) 
relative to the 190–160 Ma zircons (Eu/Eu* = 0.22). 
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Figure 5.10: U/Pb detrital zircon ages vs 
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5.7. DISCUSSION
5.7.1. Structural interpretation
Strata in the central Takitimu Mountains are steeply dipping (>70°) and show a consistent 
younging toward the east (Fig. 5.3a; Houghton, 1981). Similar dip directions, albeit with 
shallower inclinations (20–40°), occur in the Productus Creek Group (Fig. 5.3a; Landis et 
al., 1999). The Lower–Middle Jurassic rocks of the Barretts Formation are unconformity 
overlying the early Permian Takitimu Group and the middle–upper Permian Productus Creek 
Group (Landis et al., 1999) by an angular unconformity of ~70° (Fig. 5.3a). The existence 
of this angular unconformity implies a significant period of tilting and rotation after the late 
Permian and before the Early–Middle Jurassic. 
The Letham Ridge Thrust, which separates the Brook Street Terrane from the Murihiku 
Terrane, is truncated and displaced by a series of east-southeast trending normal faults, and 
a northeast-trending fault (Tin Hut Fault). The east-southeast trending normal faults were 
likely associated with the deposition of the Late Cretaceous Ohai Group in fault-controlled 
basins, which rests unconformably on the Takitimu Group and Murihiku Supergroup (Fig. 
5.3a; Landis et al., 1999). Evidence for normal faulting was observed in one locality west 
of the Telford Burn (Fig. 5.5j), thus implying that normal faulting also affected parts of the 
southern and central Takitimu Mountains. This implies that the main movement on the Letham 
Ridge Thrust occurred in the period between the Late Jurassic and the Early Cretaceous; 
however, minor local thrusting within the Upper Cretaceous marine sedimentary rocks has 
also been recorded (Ohai Group; Landis et al., 1999). The Tin Hut Fault is likely a Neogene 
feature (Landis et al., 1999), which was responsible for offsetting the Letham Ridge Thrust 
and the Wether Hill Dikes (>1 km of displacement) in the southern Takitimu Mountains (Fig. 
5.3a).
Faulting along the Wairaki River is generally indicative of a strike-slip sense of movement, with 
the majority of fault planes being steeply inclined to vertical with shallow slickenlines (Figs. 
5.3a, f). Strike-slip faulting likely occurred post-Eocene, along reactivated Late Cretaceous 
to Eocene normal faults (Fig. 5.3a; Landis et al., 1999; Simon et al., 2016). The Eocene 
Nightcaps Group, which unconformably overlies Upper Cretaceous rocks of the Ohai Group, 
occurs in fault-bounded (normal fault) depocenters (Landis et al., 1999), implying strike-slip 
faulting must have occurred after deposition of the Ohai Group. 
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The orientation of folds in the Takitimu Mountains (east- to northeast-trending) is generally 
consistent with fold orientations in the Longwood Range (Turnbull et al., 2003), indicating a 
probable common shortening event (Figs. 5.2b and 5.3a). In the Takitimu Mountains, these 
folds are particularly concentrated near the Wairaki River, within close proximity to faults, 
thus suggesting that folding occurred in response to post-Eocene strike-slip faulting.
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5.7.2. Age constraints
5.7.2.1. Emplacement age of the White Hill Intrusive
Our study provides the first direct crystallization ages of the White Hill Intrusive Suite, 
yielding an early Permian (288.4 ± 6.0 Ma) emplacement age (Figs. 5.7 and 5.12; Table 
5.1). The predominantly lensoid shape, concordant nature with volcanic and sedimentary 
successions, and increasing in area and grain size with stratigraphic depth of the White 
Hill Intrusive Suite in the central Takitimu 
Mountains (Fig. 5.3a) suggests emplacement 
when the Takitimu Group was a relatively 
flat-lying sequence (Houghton 1981, 1986). 
This U/Pb age overlaps with the proposed 
early Permian (Artinskian; 290.1-283.5 Ma) 
biostratigraphic age of deposition from the 
Brunel, Chimney Peaks and MacLean Peaks 
formations based on brachiopod faunal 
zones (Fig. 5.3a, 5.12; Campbell, 2019), 
implying laccolith emplacement during or 
shortly after deposition of these formations.   
Limited age constraints are available for 
intrusive magmatic rocks in the Takitimu 
Mountains. In the Productus Creek Group, 
the Weetwood Sill has been attributed to the 
Longwood Suite based on its late Permian 
(258.8 ± 7.9 Ma) crystallization age (Figs. 
5.3a, 5.12; Mortimer et al., 2019). K-Ar 
ages of 242–231 Ma have been determined 
on hornblende concentrates from the 
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Mackinnon Peak Intrusive Suite, which cross cut the Takitimu Group and White Hill Intrusive 
Suite (Figs. 5.5a and 5.12; Houghton 1977). On the basis of our new emplacement age 
(Figs. 5.7, 5.12), it is clear that the White Hill Intrusive Suite is unrelated to the much younger 
Longwood (McCoy-West et al., 2014; Mortimer et al., 2019) and Mackinnon Peak Intrusive 
suites (Houghton 1977).
5.7.2.2. Timing of deposition of the sedimentary rocks 
Sedimentary rocks from the Barretts Formation yielded maximum depositional age constraints 
of 183–174 Ma (Fig. 5.8 and Table 5.1). These ages fall within the proposed biostratigraphic 
age of deposition, which is Lower–Middle Jurassic (Ururoan–Temaikan; 188.9–164.3 Ma) 
(Landis et al., 1999). The ages are also consistent with the youngest U/Pb ages of boulders 
from conglomerates (190–180 Ma) in the Barretts Formation (Tulloch et al., 1999). Note that 
the number of dated zircon grains from sample 002-TK of the Glendale Formation was low 
(n = 8), so a reliable depositional age constraint is unavailable (Fig. 5.8 and Table 5.1).
5.7.3. Provenance of the Brook Street Terrane
Our new detrital zircon dataset from the Brook Street Terrane, together with previously 
published data from Adams et al. (2002, 2007), allow us to reassess the provenance of the 
Brook Street Terrane. Samples 003-TK, 004-TK, 018-TK, and 019-TK from this study and 
sample BAR1 (n = 60) by Adams et al. (2002) were collected from the Barretts Formation 
(Fig. 5.3). To assess cross-terrane provenance links, we also compiled previously published 
data from the upper Permian (Kuriwao Group) and Middle Jurassic (Ferndale and Matuara 
Group) successions of the Murihiku Supergroup (Adams et al., 2007; Chapter 3), and the 
upper Permian successions of the Dun Mountain-Maitai Terrane (Tramway Formation; see 
Chapter 4).
5.7.3.1. Detrital zircon ages and trace element compositions
Detrital zircon grains from the Brook Street Terrane are igneous given oscillatory-zoned 
cathodoluminesce styles, and high U/Th (>0.1) (Rubatto 2002; Hoskin and Schaltegger, 
2003) (Corfu et al., 2003). The majority of the detrital zircon ages (Fig. 5.13a) from Brook 
Street Terrane’s upper Permian and Middle Jurassic successions closely approximate the 
time of deposition, as expected for syn-depositional arc volcanism (Cawood et al., 2012). 
The Jurassic Barretts Formation shows the presence of older detrital zircon ages (Fig. 5.13a; 
240–200 Ma), indicative of input from older magmatic sources at that time. 
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KDE plots show that samples from the 
upper Permian successions of the Brook 
Street Terrane (Glendale Limestone and 
Grampian Formation) have detrital zircon 
age patterns that closely match those of 
the upper Permian Maitai Group (Tramway 
Formation) (Figs. 5.13a–c).  Comparision 
with the upper Permian Kuriwao Group in the 
Murihiku Terrane is problematic, as available 
U-Pb detrital zircon data do not match the 
expected Permian age of this rock, showing 
abundant Triassic zircon ages and a 
prominent age peak at ~245 Ma. However, 
on the basis of detrital zircon ages and their 
trace element compositions, cross-terrane 
provenance links between the Brook Street, 
Dun Mountain-Maitai, and Murihiku terranes 
have been shown during the Permian 
(Chapter 4).
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Figure 5.13 (right): Combined kernel density 
estimates of samples from this study, Adams et al. 
(2002, 2007) and Chapters 3 and 4. a. Brook Street 
Terrane. b. Murihiku Supergroup. c. Dun Mountain-
Maitai Terrane. d. River sands from the central and 
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Samples from the Middle Jurassic Barretts Formation are composed of similar zircon age 
components (e.g., 230–180 Ma) as Middle Jurassic successions (Ferndale and Matuara 
Group) from the Murihiku Supergroup (Fig. 5.13a). A shared provenance between these 
terranes is supported by zircon trace element ratios (Fig. 5.11). Average Th/U (0.66–0.81) 
and Zr/Hf (47–49) of 235–160 Ma indicate zircon crystallization from a relatively felsic/
differentiated source (Claiborne et al., 2006; Rubatto and Hermann, 2007; Wang et al., 
2010). Dy/Yb, a middle to heavy REE ratio, is used as a proxy for crustal thickness at the 
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time of zircon crystallization, with high average Dy/Yb values (0.15-0.19) suggesting zircon 
crystallization in relatively thick crust during the Triassic–Jurassic (Figs. 5.10, 5.11; Barth et 
al., 2013). A downward trend in average Eu/Eu* values at 235–160 Ma (Fig. 5.10) suggests 
plagioclase became increasingly more abundant in the source and/or that plagioclase 
crystallization occurred during crustal differentiation (thereby depleting the melt in 2+Eu 
prior to or during zircon crystallization) (Trail et al., 2012). 
Interestingly, the numerous 240–245 Ma zircon ages evident in the Murihiku Supergroup 
do not comprise a significant age component in the Brook Street Terrane (Figs. 5.13a, b). 
This zircon age population is significant in Lower–Middle Triassic volcaniclastic successions 
(North Range Group) of the Murihiku Supergroup, and its presence in younger Middle 
Jurassic successions has been attributed to sedimentary recycling within the Murihiku 
Supergroup (see Chapter 3). The negligible contribution of this age component in the Barretts 
Formation suggests a minimal contribution of recycled volcaniclastic detritus of the Murihiku 
Supergroup in the Middle Jurassic. This observation is consistent with the low proportion of 
volcanic clasts observed in the point counting analysis of the Barretts Formation (Fig. 5.6). 
Combined KDE of stream sediment samples from the lower Gibraltar (020-NZ) and 
Telford Burn (057-NZ and 096-NZ) regions reveal a prominent age peak at ~260 Ma and 
a minor, secondary age peak at ~120 Ma (Fig. 5.13d). The catchment of these streams 
topographically above the sample sites lie entirely within the mapped central and southern 
Takitimu Mountains (Fig. 5.3). In contrast, the combined KDE of stream sediment from the 
Wairaki River which has a more regional drainage shows a more diverse age spectra (Fig. 
5.13d), composed of detrital zircon age population peaks (e.g. 180 Ma, 190 Ma, 200 Ma, 
245 Ma) that are evident in the Barrett Formation and Murihiku Supergroup samples (Adams 
et al., 2002; Adams et al., 2007; Chapter 3). 
5.7.3.2. Source regions   
The upper Permian successions of the Brook Street Terrane (Glendale and Grampian 
formations) and the stream sediments from the Gibraltar and Telford Burn yielded abundant 
detrital zircon ages of 265–248 Ma, which are similar to igneous zircon ages in the Longwood 
Suite of the Median Batholith (Fig. 5.13; 261–252 Ma; Price et al., 2006; McCoy-West et al., 
2014; Mortimer et al., 2019). Longwood Suite magmatism is abundant in the Longwood 
Range, but is also recognized in the Takitimu Mountains (Figs. 5.2b, 5.3a; e.g. Weetwood 
Sill; Mortimer et al., 2019). The presence of 265–248 Ma zircon populations in the Gibraltar 
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and Telford Burn stream sediments suggest a possible larger extent of the Longwood 
Suite magmatic rocks in the Takitimu Mountains (Figs. 5.3a; 5.13). Detrital zircon ages of 
a younger range, 248–235 Ma, are minor in the Barretts Formation, but abundant in the 
Murihiku Terrane and Wairaki River stream sediments (Fig. 5.13). These ages match Median 
Batholith magmatic ages (Fig. 5.11; e.g., 245 ± 4 Ma Oraka Hybrids; Price et al. 2006) in the 
southern South Island (Chapter 3). 
Detrital zircon ages of 235–190 Ma are co-eval with a major period of magmatism recorded 
in the I-type gabbroic, dioritic and granitic Darran Suite (232-125 Ma) of the Median Batholith 
(Figs. 5.12, 5.13). The onset of more diverse, evolved (intermediate-felsic) Darren Suite 
magmatic sources is reflected in the sandstone whole-rock geochemistry from the Murihiku 
Terrane, which shows a highly felsic and granitic sources in the Triassic and Jurassic (Tulloch 
et al., 1999; Roser et al., 2002). In addition, Triassic–Jurassic sedimentary successions, 
as well as conglomerate clasts from the Murihiku Terrane have diverse, lower εNd(initial) 
(+3.7 to -0.6) values (Frost and Coombs., 1989; Adams et al., 2005; Frost et al., 2005). It 
is therefore permissible that the Darran Suite or a coeval, along-strike correlative igneous 
complex (e.g., in the Lord Howe Rise; Mortimer et al., 2015), was also a source of detritus 
for the Middle Jurassic sedimentary successions of the Brook Street Terrane (Figs. 5.12, 
5.13).
Early–Middle Jurassic (190–170 Ma) detrital zircon grains from the Barretts Formation 
constitute the youngest detrital zircon age population sampled in the Brook Street Terrane 
and active river stream sediments (Fig. 5.13). Similar detrital zircon age populations occur in 
the Middle Jurassic successions of the Murihiku Terrane to the east (Fig. 5.13; Tulloch et al. 
1999; Adams et al., 2002; Chapter 3), suggesting a possible common source. Furthermore, 
sub-rounded to sub-angular boulder-sized clasts in conglomerates of the Barretts Formation 
suggest proximal sources (Fig. 5.5F). While Brook Street Terrane is spatially/temporally 
linked to Median Batholith via intrusive field relationships, only minor magmatism of the age 
190-175 Ma has been identified in the Median Batholith (Darren Suite) making the obvious 
source more tenuous. 
Detrital zircon peak age of ~120 Ma in the active stream sediment samples match ages 
of the Median Batholith generally (Fig. 5.13; e.g. Fiordland and Stewart Island; Turnbull 
et al., 2003; Turnbull et al. 2010 and references therein). McCoy-West et al. (2014) have 
suggested that clastic sediments containing zircons in this age range were transported from 
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these southern and/or western sources and deposited on the Longwood Range during the 
Late Cretaceous–Cenozoic. Alternatively, it is possible that hitherto unidentified Cretaceous 
magmatic rocks exist in the Longwood Range and Takitimu Mountains. 
5.7.4. Permian to Jurassic evolution of the Brook Street Terrane 
Sedimentary and geochemical characteristics indicate that the Brook Street Terrane 
formed in an oceanic-type arc setting, isolated from continental sources and subsequently 
accreted to the Gondwana margin (Frost & Coombs 1989; Houghton, 1981, 1985, 1986; 
Houghton and Landis., 1989; Landis et al., 1999; Adams et al., 2005; Spandler et al., 2005; 
McCoy-West et al., 2014). Juvenile, depleted mantle sources characteristic of oceanic arc 
magmatism isolated from continental sources has been based on (1) whole rock geochemical 
similarities with modern and ancient oceanic arcs (Spandler et al., 2005b; Robertson and 
Palamakumbura, 2019), (2) 147Sm/144Nd ratios (Frost and Coombs, 1989; Adams et al., 
2005) and (3) Hf-Nd-Pb isotopic evidence (Nebel et al., 2007). In the Takitimu Mountains, 
volcanism and sedimentary rock deposition was accompanied by the emplacement of the 
White Hill Intrusive Suite (Fig. 5.3a; 5.14a). The emplacement of the White Hill Intrusive 
Suite at 288.4 ± 6.0 Ma coincides with biostratigraphic age constraints of the Takitimu Group 
(290.1-272.3 Ma), thus providing the first minimum radiometric depositional age constraint 
(early Permian) for the Takitimu Group and Brook Street Terrane arc magmatism. 
While the new emplacement age of the White Hill Intrusive Suite provides a new valuable 
radiometric age constraint for Brook Street Terrane magmatism, the appearance of minor 340–
310 Ma zircon ages (n = 5) evident in sample 010-TK is problematic (Fig. 5.7). For example, 
if the Brook Street Terrane occupied an early Permian oceanic arc type environment isolated 
from older continental sources, the origin of older, Carboniferous zircon age components in 
the White Hill Intrusive Suite is not obvious. The presence of older, Carboniferious zircon 
ages could indicate the Brook Street Terrane arc developed on a rifted piece Paleozoic crust. 
Regardless, the tectonic model for an oceanic arc type setting isolated from continental 
sources for the Brook Street Terrane and subsequent accretion to the Gondwana margin 
needs to be re-assessed. 
There is strong evidence that, during the early Permian, the convergent plate boundary of 
eastern Gondwana was subjected to trench retreat that led to wholesale overriding-plate 
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extension (Korsch et al., 2009; Campbell et 
al., 2015; Shaanan et al., 2015; Rosenbaum, 
2018). This period of early Permian extension 
led to widespread formation of sedimentary 
basins, including the so-called East Australian 
Rift System (Korsch et al., 2009), other 
smaller back-arc basins throughout eastern 
Australia (Campbell et al., 2015; Shaanan 
et al., 2015; Shaanan and Rosenbaum, 
2018), as well as the oceanward dispersal of 
continental fragments (Campbell et al., 2018; 
Shaanan et al., 2019). The Gympie Terrane 
in east Australia is thought to have developed 
in response to trench retreat and backarc 
extension during the early Permian, which 
temporally isolated it from the Gondwana 
margin (Sivell & McCulloch, 2001; Li et al., 
2015; Hoy & Rosenbaum 2017; Rosenbaum 
2018). 
Similar to the geodynamic model for the Gympie Terrane in the early Permian, it is possible 
the Brook Street Terrane also developed in response to trench retreat, backarc extension 
and ocean ward migration of the arc (e.g. Robertson and Palamakumbura, 2019a), which 
temporally isolated the oceanic type arc from the Gondwana margin (Fig. 5.14a). Crustal 
extension and slab roll-back during the early Permian in the New Zealand sector is consistent 
with the absence of early Permian subduction related rocks within the Median Batholith and 
Western Province (Mortimer et al., 1999a,b), possibly highlighting the ocean-ward migration 
(eastward present day direction) of the volcanic arc (Fig. 5.14a).  In addition, early Permian 
Brook Street Terrane basalts preserved in the Bluff Peninsula (Bluff Complex) closely 
resemble ultra-depleted basalts (D-MORB), which commonly develop in rift zones in a back-
arc or arc setting (Figs. 5.2b, 5.14a; Spandler et al., 2005a). 
Older, Carboniferious zircon grains in the early Permian White Hill Intrusive Suite could 
represent evidence for rifted Paleozoic crust during this period of early Permian crustal 
extension. However, such observations contradict previous geochemical results, which 
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suggest solely juvenile inputs, melting of previously depleted (accreted) mantle and an 
absence of older crustal basement during the early Permian (Frost and Coombs, 1989; Adams 
et al., 2005; Spandler et al., 2005a; Nebel et al., 2007; Robertson and Palamakumbura, 
2019a). A single exception occurs in (some) sandstones in the younger upper Permian 
Grampian Formation, Brook Street Terrane near Nelson (Fig. 5.2a), yielding more evolved 
Sr- and Nd-isotopic compositions (Adams et al., 2005). However, if the Brook Street Terrane 
arc in the southern South Island region were to have developed on a piece of continental 
fragment as a result of early Permian crustal extension of the Gondwana margin, the volume 
of the melted continental material was clearly insufficient (very minor) to modify the overall 
melt composition.
The overlying Productus Creek Group records the onset of deposition of richly fossiliferous 
limestone, pebbly conglomerate, volcaniclastic sandstone and mudstone in a shallow marine 
(shelf setting) environment during the middle-late Permian (Fig. 5.14b; 272.3–252.2 Ma; 
Landis et al., 1999). The Productus Creek Group is intruded by hypabyssal andesitic rocks 
of the Weetwood Sill, which has been spatially linked to the late Permian magmatism of the 
Longwood Suite (Figs. 5.12, 5.14c; i.e., Median Batholith; Mortimer et al., 2019). The onset 
of Longwood Suite magmatism implies that by the late Permian, crustal extension and slab 
rollback had ended and convergence along the Gondwana margin had commenced again 
(Cawood 2005). The emplacement of Longwood Suite plutonic rocks at 261–252 Ma into 
the Takitimu and Productus Creek groups (Fig. 5.14c) provides a minimum 261 Ma age of 
amalgamation for the Brook Street Terrane arc to the Gondwana margin (McCoy-West et 
al., 2014). Our new emplacement age for the White Hill Intrusive at c. 288 Ma implies that 
amalgamation of the Brook Street Terrane arc must have occurred in the period 288–261 
Ma (Figs. 5.12, 5.14c). 
Upper Permian sedimentation in the adjacent Murihiku Supergroup (Kuriwao Groups) 
and Dun-Mountain-Maitai Terrane (Tramway Formation) likely initiated shortly after the 
amalgamation of the Brook Street Terrane onto the eastern Gondwana margin (Median 
Batholith) at c. 261 Ma (see Chapters 3 and 4). On the basis of cross-terrane provenance 
links in detrital zircon ages and trace-element chemistry, upper Permian successions in the 
Brook Street Terrane, Murihiku Supergroup, and Maitai Group all received detritus from 
the Longwood Suite (see Chapters 3 and 4). Thus, during the late Permian, the Brook 
Street Terrane, Murihiku Supergroup, and Maitai Group were strongly associated, and were 
probably the proximal and distal parts of the same fore-arc basin (Fig. 5.14c; see Chapters 
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3 and 4).
Sedimentation in the Brook Street Terrane ceased at the end of the late Permian and 
recommenced in the Early–Middle Jurassic with the deposition of shallow-marine to non-
marine sandstones and conglomerates of the Barretts Formation (Fig. 5.14d; Landis et al., 
1999). During the interval between the late Permian and the Early Jurassic, strata of the 
Brook Street Terrane were subjected to tilting and rotation that resulted in the uplift of the 
thick overturned volcanic strata of the central Takitimu Mountains (Fig. 5.3a). The boulder-
sized clasts in the Barretts Formation, in combination with their detrital zircon age data, 
suggest that the Lower–Middle Jurassic sediments were derived from a proximal Median 
Batholith source (Darran Suite). The detrital zircon data further suggest that, during the 
Middle Jurassic, that the Brook Street Terrane and Murihiku Supergroup in the southern 
South Island shared a common provenance. 
5.8. CONCLUSION
New structural observations from the central and southern Takitimu Mountains, in combination 
with new U/Pb zircon ages and zircon trace element data (Th/U, Zr/Hf, Dy/Yb and Eu/Eu*) 
provide an insight into the tectonic setting and evolution of the Permian–Jurassic Brook Street 
Terrane. We do not support previous tectonic models, which suggest accretion of an exotic 
oceanic arc to the Gondwana margin for the Brook Street Terrane. Rather, we proposed 
the Brook Street Terrane arc developed as an oceanic type arc that developed offshore 
the Gondwana margin during a phase of early Permian trench retreat and back-arc crustal 
extension, temporally isolating it from the Gondwana margin. The emplacement age of the 
White Hill Intrusive Suite at 288.4 ± 6.0 Ma coincides with biostratigraphic age constraints of 
the Takitimu Group (290.1–272.3 Ma), confirming an early Permian age for the Brook Street 
Terrane arc.  Our new age of the White Hill Intrusive is older than hypabyssal andesitic rocks 
of the Weetwood Sill, which has been spatially linked to late Permian magmatism of the 
Longwood Suite, Median Batholith (261–252 Ma). This implies amalgamation of the Brook 
Street Terrane arc to the Gondwana margin (Median Batholith) must have occurred between 
288–261 Ma, likely in response to convergence along the Gondwana margin.  
Detrital zircon grains from the younger Glendale Formation and river sands that drain 
the Takitimu Mountains show prominent 270–250 Ma age populations, suggesting that 
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unidentified Longwood Suite magmatic rocks are likely present within the central and southern 
Takitimu Mountains. The younger, Lower–Middle Jurassic, Barretts Formation show similar 
detrital zircon age populations recorded in the Middle Jurassic successions of the Murihiku 
Terrane, suggesting that they shared a similar provenance. Cross-terrane provenance links 
in detrital zircon patterns and trace element chemistry between the Middle Jurassic Brook 
Street Terrane and Murihiku Supergroup support a localized proximal Zealandia source. 
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FOREWORD: CHAPTER 6
This chapter investigates the cyclic nature and geodynamic processes associated with 
Paleozoic to Mesozoic arc magmatism along the Gondwana margin. Charlotte Allen and Yi 
Hu helped with lab work and processing of LA-ICP-MS U–Pb and Lu–Hf zircon data. Earlier 
versions of this chapter have been reviewed by Gideon Rosenbaum, Charlotte Allen and 
Carl Spandler.
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6. DETRITAL ZIRCON PETROCHRONOLOGY OF ZEALANDIAN 
FORE-ARC TERRANES: IMPLICATIONS FOR THE HISTORY OF ARC 
MAGMATISM AND CONTINENTAL CRUSTAL GROWTH ALONG THE 
EASTERN GONDWANAN MARGIN
6.1. ABSTRACT 
Establishing the spatial, temporal and geochemical relationships between magmatism 
and the broader tectonics of accretionary orogenic systems is important for unraveling 
geodynamic and continental crustal growth processes along convergent plate margins. In 
this study, we combined geochronology and geochemistry (trace-element and Hf isotope 
compositions) of detrital zircon from Zealandian Permian–Cretaceous fore-arc basement 
terranes. These data from New Zealand and New Caledonia allow us to investigate spatial, 
temporal, and geochemical relationships between magmatism and subduction processes 
along the outer margins of Gondwana. Our new data show that 360–160 Ma zircon grains 
from New Zealand are characterised by εHfi (+15 to +2) and trace element compositions 
typical of predominantly juvenile magmatic sources. In contrast, the εHfi (+15 to –5) and 
trace-element compositions of detrital zircon grains dated 245–140 Ma from New Caledonia 
reflect a mix of juvenile and evolved crustal sources. Secular trends in trace-element and 
Hf isotope compositions of zircons suggest that magmatism and continental crustal growth 
in New Zealand during the Devonian–Cretaceous were primarily controlled by temporal 
switches from trench advance to trench retreat, associated with a long-lived westward-dipping 
subduction system. In contrast, the detrital zircon record in New Caledonia suggests that 
continental growth resulted predominantly from accretion of an oceanic island arc system 
to the Gondwanan margin during the Middle–Late Triassic. Middle-Late Triassic orogenesis 
identified throughout multiple sectors of the southwest Pacific region overlaps with the last 
phase of orogenesis during the 265-230 Gondwanide Orogen. This indicates that episodes 
of orogenesis and crustal growth during the last phase of the Gondwanide Orogeny were 
likely associated with a plate-scale reorganization event that affected the whole length of the 
Gondwanan margin.
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6.2. INTRODUCTION 
Phanerozoic subduction along the paleo-Pacific margin of Gondwana produced one of the 
most extensive accretionary orogenic belts in the history of Earth (Terra Australis). In the 
southwest Pacific region (Figs. 6.1a, b), subduction-related orogens and tectonostratigraphic 
units that developed along the Gondwana margin now constitute the crustal basement of both 
eastern Australia (Tasmanides; Glen, 2005; Rosenbaum, 2018) and Zealandia (Mortimer 
et al., 2017). Two types of tectonic models have been suggested to explain the growth of 
continental crust through this accretionary orogenic system. The ‘tectonic switching’ model 
assumes continental growth occurred in response to long-lived subduction and recycling of 
the continental margin, controlled primarily by temporal switches from trench advance to 
trench retreat (e.g. Collins 2002a,b). In contrast, the ‘quantum tectonics’ model postulates 
that continental growth and deformation were largely driven by periods of terrane accretion, 
which were followed by subduction zone reorganization and a possible flip in the subduction 
polarity (Aitchison & Buckman 2012, Buckman et al., 2015). 
While numerous studies have tried to unravel the spatial, temporal and geochemical 
relationships between magmatism and the broader tectonics of this accretionary orogenic 
system (e.g., Collins 2002a,b; Kemp et al., 2009; Cawood et al., 2011; Aitchison and 
Buckman, 2012; Pepper et al., 2016; Nelson and Cottle, 2017, 2018), many aspects have 
remain unresolved, particularly with regards to the continent of Zealandia (Figs. 6.1a, b). 
The vast majority of this continent (94%) is submerged beneath the southwestern Pacific 
Ocean (Mortimer et al., 2017). In addition, Zealandian fragments were dispersed to their 
present-day position in the course of the opening of the Tasman and Coral seas during the 
Late Mesozoic (Gaina et al., 1998; Seton et al., 2012; Matthews et al., 2015). Given these 
limitations, reconstructing the tectonic history and original position of Zealandian fragments 
is not straightforward.
The islands of New Zealand and New Caledonia are the only exposed segments of Zealandia 
(Fig. 6.1b). They are composed of Permian–Cretaceous arc-sourced volcaniclastic and 
volcanic rocks (‘Central Arc Terranes’) and accretionary complex terranes, forming a collage 
of the so-called Eastern Province terranes of Zealandia (Figs. 6.1b, 6.2). These terranes 
contain an important record of Permian–Cretaceous convergent margin processes that took 
place on the outer margins of Gondwana. On the basis of detrital zircon geochronology, Central 
Arc Terranes have been shown to provide a comprehensive record of Middle Devonian to 
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Early Cretaceous arc magmatism in Zealandia (Adams et al., 2002, 2007, 2009c; Campbell 
et al., 2018; Chapters 3–5). Modern petrochronological techniques involving Hf isotopes 
in U-Pb-dated zircon grains could help us to further understand geodynamic mechanisms 
responsible for continental growth along the Gondwana margin. 
In this paper, we present new Hf isotope data from zircon grains from Central Arc Terranes 
in New Zealand (Brook Street, Murihiku and Dun Mountain-Maitai terranes and Kaka Point 
Structural Belt) and New Caledonia (Téremba Terrane). These new data, in combination with 
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Figure 6.1: a. Palaeographic reconstruction of supercontinent Gondwana during the Paleozoic-Mesozoic, 
and the major sectors of the active paleo-pacific margin of Gondwana (modified after Nelson and Cottle, 2018). 
b. Map of major tectonic elements of eastern Australia and Zealandia (modified after Campbell et al., 2018). 
Axis of magmatic arc through Zealandia after Mortimer et al. (2017). 
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U/Pb zircon ages and corresponding trace-element compositions, allow us to (1) assess the 
temporal nature and geochemical history of arc magmatism in Zealandia; (2) determine 
along-strike spatial, temporal, and geochemical variations in arc magmatism along the 
Gondwanan margin, and; (3) investigate differences in inferred subduction geodynamics 
(e.g., contractional/advancing or extensional/retreating arc systems or terrane accretion) 
during the Paleozoic–Mesozoic. 
6.3. GEOLOGICAL SETTING OF ZEALANDIA
The geological basement of Zealandia is subdivided into the Western and Eastern provinces 
(Figs. 6.1b, 6.2). Western Province terranes consist of Cambrian–Devonian sedimentary 
and volcanic rocks, which record early Paleozoic convergent margin processes along the 
eastern Gondwanan margin (Cooper and Tulloch, 1992; Mortimer 2004; Mortimer et al., 
2017). Eastern Province terranes in New Zealand and New Caledonia record Permian to 
Cretaceous fore-arc basins and accretionary complexes (Cluzel et al., 2012; Mortimer et al., 
2014). Terranes from both the Western and the Eastern provinces are intruded by Devonian–
Cretaceous plutonic rocks (Tuhua Intrusives), which record episodes of subduction-related 
continental arc magmatism (Kimbrough et al., 1994; Muir et al., 1997, 1998; Mortimer et al., 
1999a,b; Allibone and Tulloch, 2004; Mortimer 2004; Allibone et al., 2009; McCoy-West et 
al., 2014; Mortimer et al., 2014).
Several tectonostratigraphic terranes constitute the Eastern Province in Zealandia and New 
Caledonia (Figs. 6.1b, 6.2; Mortimer 2004; Cluzel et al., 2012; Mortimer 2014). The Caples, 
Torlesse Composite, Waipapa and Boghen terranes are situated adjacent to the paleo-
oceanic margin and consist of low-grade metasedimentary successions that accumulated 
in accretionary complexes. Placed between these accretionary complex terranes and the 
Western Province are Central Arc Terranes of New Zealand (Brook Street, Murihiku and 
Dun Mountain-Maitai terranes and Kaka Point Structural Belt) and New Caledonia (Téremba 
and Koh-Central terranes). These terranes are remnants of arc-related basins, with some 
containing mafic lavas (Brook Street Terrane; Houghton and Landis, 1989; Spandler et al., 
2005) and ophiolitic complexes (Dun Mountain-Maitai and Koh-Central terrane; Kimbrough 
et al., 1992). 
The provenance, tectonic setting and original position of Central Arc Terranes in New Zealand 
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and New Caledonia relative to Gondwana are still debated (e.g., Coombs et al., 1976, 1992, 
1996; Balance and Campbell, 1993; Roser et al., 2002; Roser and Coombs, 2005; Adams 
et al., 2002, 2005, 2007, 2009; Cluzel et al., 2010, 2012; Campbell et al., 2018; Chapters 
3–5). In New Zealand, upper Permian to Lower Cretaceous volcaniclastic successions in the 
Murihiku Terrane, Brook Street Terrane, and Kaka Point Structural Belt (Fig. 6.2), have been 
shown to contain detritus from a continental magmatic arc source (e.g., Tuhua Intrusives), 
thus suggesting a proximal fore-arc basin tectonic setting above a west-dipping subduction 
system (Campbell et al., 2018; Chapters 3–5). Conversely, Adams et al. (2002, 2007) have 
suggested that the Dun Mountain-Maitai Terrane was allochthonous, occuping a fore-arc 
depositional setting that received detritus from the New England and Lachlan orogens of 
eastern Australia (Fig. 6.1b). This interpretation, however, is inconsistent with trace-element 
compositions of zircon grains and the recognition of appropiate igneous sources within the 
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Figure 6.2: a. Tectonostratigraphic map of New Zealand from Edbrooke et al. (2015). b. Tectonostratigraphic 
map of New Caledonia from Maurizot et al. (2018). c. Time–space plot of basement terranes in New Caledonia 
and New Zealand. Constraints on New Zealand and New Caledonia basement terranes taken from Mortimer 
et al. (2004) and Maurizot et al. (2018). Periods of magmatism in the Tuhua Intrusives are taken from Mortimer 
and Campbell (2014). The width of the symbol for the Tuhua Intrusives column corresponds roughly to extent 
of magmatism.
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Tuhua Intrusives (Median Batholith), which suggest a proximal Zealandian source (e.g., 
Kimbrough et al., 1992; Mortimer et al., 2019; Chapter 4). 
In New Caledonia (Figs. 6.1b, 6.2), upper Permian to Lower Cretaceous volcaniclastic 
successions of the Téremba and Koh-Central terranes likely represent the proximal and more 
distal (deeper) offshore parts of the same fore-arc basin system, respectively (Cluzel et al., 
2012; Campbell et al., 2018). Detrital zircon ages from Upper Triassic to Lower Cretaceous 
volcaniclastic sedimentary successions show evidence of extensive Mesozoic magmatism, 
which is thought to have originated from an intra-oceanic island arc above a west-dipping 
subduction system (Adams et al., 2009c; Cluzel et al., 2010, 2012; Campbell et al., 2018). 
On the basis of abundant Early Paleozoic–Proterozoic xenocrystic zircon grains/cores, it 
has been proposed that arc magmatism was developed on a thinned Paleozoic continental 
fragment of Gondwana (Campbell et al., 2018).
6.4. METHODS AND RATIONALE
Using a Laser Ablation Inductively Coupled Plasma Mass Spectrometer (LA-ICP-MS), we 
obtained a total of 543 new U/Pb detrital zircon ages and trace-element analyses from 
five samples from the Téremba Terrane in New Caledonia. The sedimentary rock samples, 
previously described and investigated using U-Pb zircon geochronology by Campbell et 
al. (2018), were taken from Upper Triassic to Lower Jurassic formations. Analyses of 216 
zircon grains that yielded U/Pb ages in the range of 1300–130 Ma were selected for LA-MC 
(multi-collector)-ICP-MS Lu-Hf analysis. In addition, we conducted Lu-Hf isotope analysis on 
374 previously dated (U/Pb ages of 360–160 Ma) detrital zircon grains from New Zealand, 
using 11 samples of upper Permian to Jurassic rocks (Chapters 3–5). The new dataset is 
integrated with published U/Pb ages (n = 3014) and trace-element compositions (n = 2182) 
of detrital zircon grains from these terranes. Detailed methods, new analytical data, data 
compilation, and corresponding sources of data used in this study are summarized in Table 
6.1 and Digital Appendix 5.1–5.5.
Zircon trace-element geochemistry is increasingly being used as a tool to identify 
petrogenesis of zircon grains and establish constraints on their provenance (e.g., Rubatto 
2002; Belousova et al., 2002; Grimes et al., 2007, 2015; McKay et al., 2018; McKenzie et 
al., 2018). We have investigated trace-element compositions (Hf, U/Yb, U/Th, Zr/Hf, and Eu/
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Eu*) in detrital zircon grains dated 360–160 Ma from New Zealand and 260–140 Ma from 
New Caledonia. Zircon production during these time intervals has been shown to reflect 
active margin magmatism in New Zealand and New Caledonia (Adam et al., 2002, 2007, 
2009c; Cluzel et al., 2010; Campbell et al., 2018; Chapters 3–5).
128
Chapter 6
Sa
m
pl
e 
In
fo
rm
at
io
n
C
oo
rd
in
at
es
 (W
G
S8
4)
Te
rr
an
e 
an
d 
Fo
rm
at
io
n/
G
ro
up
A
ge
s 
an
d 
tr
ac
e 
el
em
en
ts
Lu
-H
f i
so
to
pe
s
C
ou
nt
ry
Sa
m
pl
e
So
ur
ce
La
tit
ud
e 
(S
)
Lo
ng
itu
de
 (E
)
Te
rr
an
e
Fo
rm
at
io
n/
G
ro
up
St
ra
tig
ra
ph
ic
 a
ge
N
um
be
r o
f 
co
nc
or
da
nt
 
pu
bl
is
he
d 
ag
es
 (n
)
Av
ai
la
bl
e 
tr
ac
e-
el
em
en
ts
Sa
m
pl
es
 
se
le
ct
ed
 
fo
r a
na
l-
ys
is
N
um
be
r o
f 
an
al
ys
is
 (n
)
N
ew
 Z
ea
la
nd
W
D
X
1
A
da
m
s 
et
 a
l.,
 2
00
2
45
°3
6'
20
.6
2"
16
8°
14
'1
6.
58
"
D
un
 M
ou
nt
ai
n 
- M
ai
ta
i T
er
ra
ne
Tr
am
w
ay
 F
or
m
at
io
n
La
te
 P
er
m
ia
n
29
N
o
-
-
N
ew
 Z
ea
la
nd
R
O
D
G
E
1
A
da
m
s 
et
 a
l.,
 2
00
2
41
°2
1'
43
.4
5"
17
3°
17
'3
8.
36
"
D
un
 M
ou
nt
ai
n 
- M
ai
ta
i T
er
ra
ne
Tr
am
w
ay
 F
or
m
at
io
n
La
te
 P
er
m
ia
n
67
N
o
-
-
N
ew
 Z
ea
la
nd
B
A
R
1
A
da
m
s 
et
 a
l.,
 2
00
2
45
°5
0'
20
.7
2"
16
7°
57
'4
0.
86
"
B
ro
ok
 S
tre
et
 T
er
ra
ne
B
ar
re
tts
 F
or
m
at
io
n
M
id
dl
e 
Ju
ra
ss
ic
77
N
o
-
-
N
ew
 Z
ea
la
nd
R
O
A
R
2
A
da
m
s 
et
 a
l.,
 2
00
7
46
°2
7'
3.
20
"
16
9°
47
'5
4.
27
"
M
ur
ih
ik
u 
Te
rr
an
e
Ta
rin
ga
tu
ra
 G
ro
up
M
id
dl
e-
La
te
 T
ria
ss
ic
27
N
o
-
-
N
ew
 Z
ea
la
nd
W
A
R
1
A
da
m
s 
et
 a
l.,
 2
00
7
M
ur
ih
ik
u 
Te
rr
an
e
Fe
rn
da
le
 G
ro
up
M
id
dl
e 
Ju
ra
ss
ic
72
N
o
-
-
N
ew
 Z
ea
la
nd
H
U
R
W
4
A
da
m
s 
et
 a
l.,
 2
00
7
37
°2
4'
5.
54
"
17
4°
46
'2
4.
06
"
M
ur
ih
ik
u 
Te
rr
an
e
H
ur
iw
ao
 G
ro
up
E
ar
ly
 C
re
ta
ce
ou
s
66
N
o
-
-
N
ew
 Z
ea
la
nd
P
IO
X
5
A
da
m
s 
et
 a
l.,
 2
00
7
38
°3
9'
53
.0
6"
17
5°
00
'1
4.
29
"
M
ur
ih
ik
u 
Te
rr
an
e
N
ew
ca
st
le
 G
ro
up
M
id
dl
e-
La
te
 T
ria
ss
ic
52
N
o
-
-
N
ew
 Z
ea
la
nd
M
AT
I1
4
A
da
m
s 
et
 a
l.,
 2
00
7
46
°2
6'
16
.4
0"
16
8°
46
'1
2.
57
"
M
ur
ih
ik
u 
Te
rr
an
e
K
ur
iw
ao
 G
ro
up
La
te
 P
er
m
ia
n
36
N
o
-
-
N
ew
 Z
ea
la
nd
C
S
T1
0
A
da
m
s 
et
 a
l.,
 2
00
7
40
°4
2'
19
.8
7"
17
3°
57
'4
3.
41
"
D
un
 M
ou
nt
ai
n 
- M
ai
ta
i T
er
ra
ne
S
te
ph
en
s 
S
ub
gr
ou
p
M
id
dl
e 
Tr
ia
ss
ic
32
N
o
-
-
N
ew
 Z
ea
la
nd
S
TP
H
12
A
da
m
s 
et
 a
l.,
 2
00
7
34
°5
7'
32
.4
0"
17
3°
46
'4
2.
20
"
D
un
 M
ou
nt
ai
n 
- M
ai
ta
i T
er
ra
ne
S
te
ph
en
s 
S
ub
gr
ou
p
M
id
dl
e 
Tr
ia
ss
ic
43
N
o
-
-
N
ew
 Z
ea
la
nd
M
A
IV
X
1
A
da
m
s 
et
 a
l.,
 2
00
7
41
°1
6'
21
.1
8"
17
3°
18
'1
7.
68
"
B
ro
ok
 S
tre
et
 T
er
ra
ne
G
ra
m
pi
an
 F
or
m
at
io
n
La
te
 P
er
m
ia
n
60
N
o
-
-
N
ew
 C
al
ed
on
ia
TR
B
21
A
da
m
s 
et
 a
l.,
 2
00
9c
21
°4
0'
11
.0
0"
16
5°
38
'5
4.
00
"
Té
re
m
ba
 T
er
ra
ne
Le
pr
éd
ou
r
La
te
 T
ria
ss
ic
45
N
o
-
-
N
ew
 C
al
ed
on
ia
TR
B
20
A
da
m
s 
et
 a
l.,
 2
00
9c
21
°4
3'
21
.0
0"
16
5°
50
'1
7.
00
"
Té
re
m
ba
 T
er
ra
ne
O
ua
m
ou
i
La
te
 T
ria
ss
ic
54
N
o
-
-
N
ew
 C
al
ed
on
ia
N
C
A
L1
0
A
da
m
s 
et
 a
l.,
 2
00
9c
21
°0
6'
01
.0
0"
16
5°
01
'2
5.
00
"
K
oh
-C
en
tra
l T
er
ra
ne
C
en
tra
l
C
re
ta
ce
ou
s
28
N
o
-
-
N
ew
 C
al
ed
on
ia
G
P
H
2
A
da
m
s 
et
 a
l.,
 2
00
9c
21
°1
3'
23
.0
0"
16
5°
16
'1
1.
00
"
K
oh
-C
en
tra
l T
er
ra
ne
C
en
tra
l
Ju
ra
ss
ic
40
N
o
-
-
N
ew
 C
al
ed
on
ia
N
C
A
L1
1
A
da
m
s 
et
 a
l.,
 2
00
9c
21
°3
3'
48
.0
0"
16
5°
49
'5
7.
00
"
K
oh
-C
en
tra
l T
er
ra
ne
C
en
tra
l
Ju
ra
ss
ic
59
N
o
-
-
N
ew
 C
al
ed
on
ia
N
C
A
L1
5
A
da
m
s 
et
 a
l.,
 2
00
9c
21
°4
1'
31
.0
0"
16
5°
44
'5
0.
00
"
K
oh
-C
en
tra
l T
er
ra
ne
C
en
tra
l
La
te
 T
ria
ss
ic
47
N
o
-
-
N
ew
 C
al
ed
on
ia
TR
B
23
A
da
m
s 
et
 a
l.,
 2
00
9c
21
°4
3'
21
.0
0"
16
5°
50
'1
7.
00
"
K
oh
-C
en
tra
l T
er
ra
ne
C
en
tra
l
La
te
 T
ria
ss
ic
23
N
o
-
-
N
ew
 C
al
ed
on
ia
06
1-
N
C
C
am
pb
el
l e
t a
l.,
 2
01
8
21
°5
7'
58
.6
8"
16
6°
 0
'1
1.
83
"
Té
re
m
ba
 T
er
ra
ne
B
ou
ra
ké
La
te
 T
ria
ss
ic
-E
ar
ly
 J
ur
as
si
c
39
Ye
s
-
-
N
ew
 C
al
ed
on
ia
02
1-
N
C
C
am
pb
el
l e
t a
l.,
 2
01
8
21
°4
1'
56
.8
8"
16
5°
33
'5
7.
18
"
Té
re
m
ba
 T
er
ra
ne
Ilo
ts
 T
es
ta
rd
M
id
dl
e-
La
te
 J
ur
as
si
c
24
Ye
s
-
-
N
ew
 C
al
ed
on
ia
00
5-
N
C
C
am
pb
el
l e
t a
l.,
 2
01
8
21
°5
7'
32
.0
2"
16
5°
59
'2
6.
70
"
Té
re
m
ba
 T
er
ra
ne
Le
pr
éd
ou
r
La
te
 T
ria
ss
ic
92
Ye
s
-
-
N
ew
 C
al
ed
on
ia
04
6-
N
C
C
am
pb
el
l e
t a
l.,
 2
01
8
22
°1
'5
7.
67
"
16
6°
 3
'1
3.
86
"
Té
re
m
ba
 T
er
ra
ne
Le
pr
éd
ou
r
La
te
 T
ria
ss
ic
95
Ye
s
-
-
N
ew
 C
al
ed
on
ia
05
0-
N
C
C
am
pb
el
l e
t a
l.,
 2
01
8
22
°0
'4
5.
53
"
16
6°
 2
'4
7.
54
"
Té
re
m
ba
 T
er
ra
ne
Le
pr
éd
ou
r
La
te
 T
ria
ss
ic
11
9
Ye
s
-
-
N
ew
 C
al
ed
on
ia
04
5-
N
C
C
am
pb
el
l e
t a
l.,
 2
01
8
22
°1
'5
3.
83
"
16
6°
 3
'9
.9
7"
Té
re
m
ba
 T
er
ra
ne
O
ua
m
ou
i
La
te
 T
ria
ss
ic
18
Ye
s
-
-
N
ew
 C
al
ed
on
ia
04
8-
N
C
C
am
pb
el
l e
t a
l.,
 2
01
8
22
°1
'1
5.
62
"
16
6°
 2
'4
4.
05
"
Té
re
m
ba
 T
er
ra
ne
O
ua
m
ou
i
La
te
 T
ria
ss
ic
93
Ye
s
-
-
N
ew
 C
al
ed
on
ia
00
2-
N
C
C
am
pb
el
l e
t a
l.,
 2
01
8
22
°1
1'
38
.5
0"
16
6°
26
'4
2.
40
"
Té
re
m
ba
 T
er
ra
ne
Ilo
ts
 T
es
ta
rd
M
id
dl
e-
La
te
 J
ur
as
si
c
19
9
Ye
s
-
-
N
ew
 C
al
ed
on
ia
00
3-
N
C
C
am
pb
el
l e
t a
l.,
 2
01
8
22
°1
1'
38
.5
0"
16
6°
26
'4
2.
40
"
Té
re
m
ba
 T
er
ra
ne
Ilo
ts
 T
es
ta
rd
M
id
dl
e-
La
te
 J
ur
as
si
c
40
7
Ye
s
-
-
N
ew
 C
al
ed
on
ia
00
9-
N
C
C
am
pb
el
l e
t a
l.,
 2
01
8
21
°4
1'
32
.4
3"
16
5°
44
'4
8.
81
"
K
oh
-C
en
tra
l T
er
ra
ne
C
en
tra
l
La
te
 T
ria
ss
ic
14
9
Ye
s
-
-
N
ew
 C
al
ed
on
ia
01
3-
N
C
C
am
pb
el
l e
t a
l.,
 2
01
8
21
°3
3'
43
.7
9"
16
5°
50
'2
1.
89
"
K
oh
-C
en
tra
l T
er
ra
ne
C
en
tra
l
La
te
 T
ria
ss
ic
12
7
Ye
s
-
-
N
ew
 C
al
ed
on
ia
01
5-
N
C
C
am
pb
el
l e
t a
l.,
 2
01
8
21
°9
'2
4.
33
"
16
5°
25
'2
0.
74
"
K
oh
-C
en
tra
l T
er
ra
ne
C
en
tra
l
E
ar
ly
 C
re
ta
co
us
28
Ye
s
-
-
N
ew
 C
al
ed
on
ia
06
0-
N
C
C
am
pb
el
l e
t a
l.,
 2
01
8
21
°4
2'
47
.3
7"
16
5°
50
'3
6.
66
"
K
oh
-C
en
tra
l T
er
ra
ne
C
en
tra
l
La
te
 T
ria
ss
ic
10
5
Ye
s
-
-
Ta
bl
e.
 6
.1
:  
S
um
m
ar
y 
of
 s
am
pl
es
 u
se
d 
in
 th
is
 s
tu
dy
.
129
Chapter 6
N
ew
 C
al
ed
on
ia
06
2-
N
C
C
am
pb
el
l e
t a
l.,
 2
01
8
21
°4
6'
52
.0
6"
16
6°
 3
'4
8.
90
"
K
oh
-C
en
tra
l T
er
ra
ne
C
en
tra
l
La
te
 T
ria
ss
ic
46
Ye
s
-
-
N
ew
 C
al
ed
on
ia
02
3-
N
C
C
am
pb
el
l e
t a
l.,
 2
01
8;
 T
hi
s 
st
ud
y
21
°4
1'
56
.5
0"
16
5°
38
'2
4.
14
"
Té
re
m
ba
 T
er
ra
ne
B
ou
ra
ké
La
te
 T
ria
ss
ic
-E
ar
ly
 J
ur
as
si
c
27
8
Ye
s
Ye
s
83
N
ew
 C
al
ed
on
ia
05
9-
N
C
C
am
pb
el
l e
t a
l.,
 2
01
8;
 T
hi
s 
st
ud
y
21
°4
2'
34
.6
6"
16
5°
36
'5
0.
10
"
Té
re
m
ba
 T
er
ra
ne
Ta
ni
E
ar
ly
 J
ur
as
si
c
22
2
Ye
s
Ye
s
31
N
ew
 C
al
ed
on
ia
00
4-
N
C
C
am
pb
el
l e
t a
l.,
 2
01
8;
 T
hi
s 
st
ud
y
22
°1
1'
38
.5
0"
16
6°
26
'4
2.
40
"
Té
re
m
ba
 T
er
ra
ne
Ilo
ts
 T
es
ta
rd
M
id
dl
e-
La
te
 J
ur
as
si
c
34
0
Ye
s
Ye
s
33
N
ew
 C
al
ed
on
ia
02
2-
N
C
C
am
pb
el
l e
t a
l.,
 2
01
8;
 T
hi
s 
st
ud
y
21
°4
2'
21
.9
2"
16
5°
34
'4
8.
66
"
Té
re
m
ba
 T
er
ra
ne
Ilo
ts
 T
es
ta
rd
M
id
dl
e-
La
te
 J
ur
as
si
c
17
5
Ye
s
Ye
s
34
N
ew
 C
al
ed
on
ia
05
5-
N
C
C
am
pb
el
l e
t a
l.,
 2
01
8;
 T
hi
s 
st
ud
y
21
°4
4'
6.
20
"
16
5°
42
'5
3.
17
"
Té
re
m
ba
 T
er
ra
ne
O
ua
ra
i
La
te
 T
ria
ss
ic
16
9
Ye
s
Ye
s
35
N
ew
 Z
ea
la
nd
01
3-
N
Z
C
ha
pt
er
 3
46
°3
7'
58
.0
3"
16
9°
15
'2
1.
06
"
M
ur
ih
ik
u 
Te
rr
an
e
D
ia
m
on
d 
P
ea
k 
G
ro
up
E
ar
ly
 J
ur
as
si
c
80
Ye
s
Ye
s
24
N
ew
 Z
ea
la
nd
08
3-
N
Z
C
ha
pt
er
 3
45
°5
7'
1.
24
"
16
8°
24
'2
2.
91
"
M
ur
ih
ik
u 
Te
rr
an
e
D
ia
m
on
d 
P
ea
k 
G
ro
up
E
ar
ly
 J
ur
as
si
c
12
1
Ye
s
Ye
s
40
N
ew
 Z
ea
la
nd
01
5-
N
Z
C
ha
pt
er
 3
46
°2
2'
40
.4
1"
16
8°
53
'5
2.
33
"
M
ur
ih
ik
u 
Te
rr
an
e
Fe
rn
da
le
 G
ro
up
M
id
dl
e 
Ju
ra
ss
ic
78
Ye
s
Ye
s
43
N
ew
 Z
ea
la
nd
00
8-
N
Z
C
ha
pt
er
 3
46
°2
8'
43
.6
8"
16
9°
44
'5
9.
67
"
M
ur
ih
ik
u 
Te
rr
an
e
M
at
au
ra
 G
ro
up
M
id
dl
e 
Ju
ra
ss
ic
12
4
Ye
s
Ye
s
26
N
ew
 Z
ea
la
nd
08
1-
N
Z
C
ha
pt
er
 3
45
°4
8'
58
.2
2"
16
8°
24
'2
5.
44
"
M
ur
ih
ik
u 
Te
rr
an
e
N
or
th
 R
an
ge
 G
ro
up
E
ar
ly
-M
id
dl
e 
Tr
ia
ss
ic
83
Ye
s
Ye
s
30
N
ew
 Z
ea
la
nd
00
4-
N
Z
C
ha
pt
er
 3
46
°2
6'
46
.3
5"
16
9°
48
'0
.5
7"
M
ur
ih
ik
u 
Te
rr
an
e
Ta
rin
ga
tu
ra
 G
ro
up
M
id
dl
e-
La
te
 T
ria
ss
ic
16
1
Ye
s
Ye
s
58
N
ew
 Z
ea
la
nd
08
2-
N
Z
C
ha
pt
er
 3
45
°5
4'
1.
54
"
16
8°
21
'5
0.
80
"
M
ur
ih
ik
u 
Te
rr
an
e
D
ia
m
on
d 
P
ea
k 
G
ro
up
E
ar
ly
 J
ur
as
si
c
73
Ye
s
-
-
N
ew
 Z
ea
la
nd
08
4-
N
Z
C
ha
pt
er
 3
46
° 
4'
0.
31
"
16
8°
27
'5
2.
97
"
M
ur
ih
ik
u 
Te
rr
an
e
Fe
rn
da
le
 G
ro
up
E
ar
ly
 J
ur
as
si
c
11
3
Ye
s
Ye
s
37
N
ew
 Z
ea
la
nd
05
4-
N
Z
C
ha
pt
er
 3
45
°4
8'
54
.6
9"
16
8°
24
'2
8.
89
"
M
ur
ih
ik
u 
Te
rr
an
e
N
or
th
 R
an
ge
 G
ro
up
E
ar
ly
-M
id
dl
e 
Tr
ia
ss
ic
10
2
Ye
s
-
-
N
ew
 Z
ea
la
nd
00
1-
N
Z
C
ha
pt
er
 4
46
°2
2'
23
.3
5"
16
9°
46
'5
7.
98
"
K
ak
a 
P
oi
nt
 S
tru
ct
ur
al
 B
el
t
W
ill
sh
er
 G
ro
up
 (P
or
t 
M
ol
yn
eu
x 
S
ilt
st
on
e)
Tr
ia
ss
ic
16
6
Ye
s
Ye
s
38
N
ew
 Z
ea
la
nd
05
1-
N
Z
C
ha
pt
er
 4
45
°3
6'
27
.3
2"
16
8°
14
'2
0.
90
"
D
un
 M
ou
nt
ai
n 
- M
ai
ta
i T
er
ra
ne
Tr
am
w
ay
 F
or
m
at
io
n
La
te
 P
er
m
ia
n
87
Ye
s
Ye
s
17
N
ew
 Z
ea
la
nd
05
2-
N
Z
C
ha
pt
er
 4
45
°3
6'
34
.8
9"
16
8°
14
'4
2.
12
"
D
un
 M
ou
nt
ai
n 
- M
ai
ta
i T
er
ra
ne
Tr
am
w
ay
 F
or
m
at
io
n
La
te
 P
er
m
ia
n
24
Ye
s
-
-
N
ew
 Z
ea
la
nd
05
0-
N
Z
C
ha
pt
er
 4
45
°3
6'
23
.1
5"
16
8°
14
'5
.7
2"
D
un
 M
ou
nt
ai
n 
- M
ai
ta
i T
er
ra
ne
Li
ttl
e 
B
en
 F
or
m
at
io
n
E
ar
ly
 T
ria
ss
ic
14
2
Ye
s
Ye
s
16
N
ew
 Z
ea
la
nd
05
3-
N
Z
C
ha
pt
er
 4
45
°4
2'
54
.3
0"
16
8°
25
'5
2.
88
"
D
un
 M
ou
nt
ai
n 
- M
ai
ta
i T
er
ra
ne
G
re
vi
lle
 F
or
m
at
io
n
E
ar
ly
-M
id
dl
e 
Tr
ia
ss
ic
27
Ye
s
-
-
N
ew
 Z
ea
la
nd
00
2-
TK
C
ha
pt
er
 5
45
°4
7'
23
.1
6"
16
7°
58
'0
.3
2"
B
ro
ok
 S
tre
et
 T
er
ra
ne
G
le
nd
al
e 
Fo
rm
at
io
n
La
te
 P
er
m
ia
n
8
Ye
s
-
-
N
ew
 Z
ea
la
nd
00
3-
TK
C
ha
pt
er
 5
45
°4
7'
24
.8
5"
16
7°
58
'7
.0
9"
B
ro
ok
 S
tre
et
 T
er
ra
ne
B
ar
re
tts
 F
or
m
at
io
n
M
id
dl
e 
Ju
ra
ss
ic
98
Ye
s
-
-
N
ew
 Z
ea
la
nd
00
4-
TK
C
ha
pt
er
 5
45
°5
1'
30
.2
5"
16
7°
58
'1
2.
48
"
B
ro
ok
 S
tre
et
 T
er
ra
ne
B
ar
re
tts
 F
or
m
at
io
n
M
id
dl
e 
Ju
ra
ss
ic
12
7
Ye
s
-
-
N
ew
 Z
ea
la
nd
01
8-
TK
C
ha
pt
er
 5
45
°4
7'
26
.8
5"
16
7°
55
'4
9.
42
"
B
ro
ok
 S
tre
et
 T
er
ra
ne
B
ar
re
tts
 F
or
m
at
io
n
M
id
dl
e 
Ju
ra
ss
ic
13
7
Ye
s
Ye
s
45
N
ew
 Z
ea
la
nd
01
9-
TK
C
ha
pt
er
 5
45
°4
7'
24
.5
2"
16
7°
55
'5
9.
91
"
B
ro
ok
 S
tre
et
 T
er
ra
ne
B
ar
re
tts
 F
or
m
at
io
n
M
id
dl
e 
Ju
ra
ss
ic
12
9
Ye
s
-
-
N
ew
 C
al
ed
on
ia
P
M
11
8
C
lu
ze
l e
t a
l.,
 2
01
0
21
°0
6'
41
.0
0"
16
5°
01
'2
5.
00
"
K
oh
-C
en
tra
l T
er
ra
ne
C
en
tra
l
C
re
ta
ce
ou
s
46
N
o
-
-
Ta
bl
e.
 6
.1
 (c
on
tin
ue
d)
:  
S
um
m
ar
y 
of
 s
am
pl
es
 u
se
d 
in
 th
is
 s
tu
dy
.
130
Chapter 6
6.5. RESULTS
6.5.1.  U/Pb zircon ages 
Combined kernel density estimates of detrital zircon grains from upper Permian to 
Lower Cretaceous sedimentary successions in New Zealand Central Arc Terranes show 
predominantly Permian–Triassic age components, with prominent age peaks at ~260 Ma, 
~255 Ma, ~250 Ma, and ~245 Ma (Figs. 6.3a, c). In addition, younger Triassic–Jurassic 
zircon age components are recognized in the Murihiku and Brook Street terranes, with age 
peaks at ~225 Ma, ~210 Ma, ~180 Ma, and ~175 Ma (Figs. 6.3a, c). Upper Triassic–Lower 
Cretaceous sedimentary successions from New Caledonia Central Arc Terranes include 
abundant 240–100 Ma zircons, with prominent peaks at ~235 Ma, ~230 Ma, ~210 Ma, ~200 
Ma, ~195 Ma, and ~170 Ma (Figs. 6.3b, c). These rocks from New Caledonia also host 
a substantial amount of older zircon grains (300–2000 Ma) with prominent age peaks at 
~1000, ~900 Ma, ~550 Ma, ~400 Ma, and ~320 Ma (Figs. 6.3b, c).
6.5.2.  Trace-element compositions
The distribution of 360–160 Ma zircons from New Zealand Central Arc Terranes on an U/Yb 
vs. Hf (ppm) plot (Grimes et al., 2007, 2015) is predominantly within the continental zircon 
field (Fig. 6.4a). The average values of U/Yb and Hf are 0.44 and 10090 ppm, respectively. 
All zircon grains have low U/Th (<10), indicating that metamorphic fluids were absent during 
crystallization (Rubatto, 2002). Data from 260–140 Ma zircon grains from New Caledonia 
is also within the continental zircon field (Fig. 6.4b), but two distinct groups are recognized 
(Group A and Group B). In Group A (U/Yb < 0.65), the average values of U/Yb and Hf are 
of 0.27 and 9662 ppm, respectively. In Group B (U/Yb > 0.65), those values are 1.4 and 
12755 ppm. Some of the grains from New Caledonia (n = 70) yielded U/Th > 10, indicating 
possible crystallization in the presence of metamorphic fluids. These grains are not plotted 
in Fig. 6.4b.
Temporal variations in the composition of zircon grains are recognized in scatter diagrams 
of U/Pb zircon age vs. trace-element ratios (U/Yb, U/Th, Zr/Hf, and Eu/Eu*; Fig. 6.5). In New 
Zealand (Fig. 6.5a), U/Yb values are relatively low at 270–230 Ma, and higher at 230–160 
Ma. In contrast, a gradual decrease is recognized in the mean values of U/Th and Zr/Hf from 
270 Ma to 160 Ma. Eu/Eu* mean values decrease in the time interval 270–230 Ma, increase 
at 230–200 Ma, and decrease at 200–160 Ma. In New Caledonia (Fig. 6.5b), mean U/Yb 
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and U/Th values increase from 225 Ma to 185 Ma, and decrease at 185–140 Ma. Zr/Hf and 
Eu/Eu* mean values decrease at 225–185 Ma.
6.5.3. Hafnium isotope compositions
Zircon grains with ages of 360–160 Ma from Central Arc Terranes in New Zealand (n = 374) 
show Hf isotope ratios (εHfi) that are predominantly between +2 and +14, characteristic of 
juvenile ‘depleted-mantle-like’ signatures (Fig. 6.6a). Seven zircon grains, dated 264–203 
Ma, yielded lower (more evolved) values of εHfi, ranging from –4 to –20 (note that values 
lower that –5 are not shown in Fig. 6.6a). 
Detrital zircon grains from the Téremba Terrane in New Caledonia (n = 216) show a wide 
range of εHfi, including both juvenile ‘depleted-mantle-like’ (high εHfi values) and more 
evolved ‘crustal-like’ (low εHfi) signatures (Figs. 6.6b, c). Older detrital zircons (1200–300 
Ma) show a spread of εHfi between –29.6 and +10.8. The majority of the younger zircons 
(270–140 Ma) are characterized by high (> +2) εHfi (juvenile signatures), but low (< +2) εHfi 
values (evolved signatures) are recognized in some of the zircon grains dated 248–185 Ma 
(Fig. 6.6c).
The highest values of εHfi  (> +10) in New Zealand are found in zircons dated 275–230 Ma 
(Figs. 6.6a and 6.7a). On a U/Yb vs. εHfi plot (Grimes et al., 2007, 2015) these zircons plot 
along the boundary between the continental and oceanic zircon fields (Fig. 6.7b). These 
zircons are characterized by low U/Yb, high U/Th, and a wide spread of Eu/Eu* values (Fig. 
6.7c). Younger zircons (230–160 Ma) show εHfi values between +5 and +10, higher values 
of U/Yb (in comparison with the previous period), and lower U/Th and Eu/Eu* values (Figs. 
6.7a–c). 
In New Caledonia, Group A zircons (U/Yb < 0.65; Figs. 6.4b, 6.5b) are characterized by εHfi 
values (> +2; juvenile signatures), low U/Th and U/Yb values, and relatively high Zr/Hf (Figs. 
6.7d–f). In contrast, Group B zircons, dated 225–185 Ma are associated with evolved Hfi 
signatures (εHfi < +2), higher U/Yb and U/Th values, and lower Zr/Hf (Figs. 6.7d–f). Zircons 
older than 200 Ma have a wider spread of Eu/Eu* and a mix of juvenile and evolved εHfi 
signatures. Conversely, the younger zircons (<200 Ma) have a lower spread of Eu/Eu* and 
predominantly juvenile εHfi signatures (Fig. 6.7f).
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6.6. DISCUSSION
6.6.1. Provenance of the zircon grains
Individual samples from upper Permian–Lower Cretaceous sedimentary successions in 
New Zealand and New Caledonia Central Arc Terranes include large portions of zircons 
whose ages are close to the stratigraphic age of the sample (Adams et al., 2002, 2007, 
2009c; Cluzel et al., 2010; Campbell et al., 2018; Chapters 3–5). This pattern likely reflects a 
proximal deposition along a convergent plate margin, adjacent to a magmatic arc (Cawood et 
al., 2012). A comparison between the combined detrital zircon age spectra for New Zealand 
and New Caledonia Central Arc Terranes reveal broad similarities and differences (Fig. 
6.3c). Both New Caledonia and New Zealand display a near continuous record of zircon 
ages from the Devonian to the Jurassic (Fig. 6.3c). However, differences exist with regards 
to the presence or absence of older Paleozoic to Proterozoic ages, and the pattern of late 
Paleozoic and Mesozoic age peaks.
Upper Permian to Lower Cretaceous sedimentary successions in New Zealand Central 
Arc Terranes (Fig. 6.8) include abundant middle Permian to Middle Triassic (265–235 Ma) 
zircons and fewer Late Triassic to Jurassic zircons (230–160 Ma). Proximal magmatic 
sources for these zircons were likely associated with the Tuhua Intrusives (Kimbrough et 
al., 1992; Mortimer et al., 2019; Chapters 3–5). In particular, the 265–248 Ma detrital zircon 
ages from New Zealand overlap with the age of the isotopically primitive, low K, I-type 
gabbro- and trondhjemite-dominated Longwood Suite (Fig. 6.8; 261–252 Ma). Younger 
detrital zircon ages (235–160 Ma) coincide with a major period of magmatism recorded in 
the I-type gabbroic, dioritic and granitic Darran Suite (Fig. 6.8).
In New Caledonia, Upper Triassic–Lower Cretaceous sedimentary successions contain a 
high proportion of Late Triassic to Jurassic (235–140 Ma) zircons and fewer middle Permian 
to Middle Triassic (265–235 Ma) zircons (Fig. 6.8). The source of the <235 Ma detritus might 
have been associated with magmatism at the Lord Howe Rise (Fig. 6.1b; Mortimer et al., 
2015), which occurred simultaniously with the emplacement of the Darran Suite in New 
Zealand. Detrital zircon ages of 300–420 Ma correspond to episodes of arc magmatism in 
eastern Australia (Fig. 6.1b), whereas the presence of older zircons (in particular 600–500 
Ma and 1300–900 Ma ages) suggests that some of the detritus was derived from recycling 
of the basement of the Gondwanan margin (Adams et al., 2009c; Campbell et al., 2018; 
Shaanan et al., 2019).
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6.6.2. Zircon trace-element and Hf isotope petrochronology
Trace-element compositions of 360–160 Ma detrital zircon grains from New Zealand and 
260–140 Ma zircon grains from New Caledonia (Group A) have Hf, U, and light/medium rare 
earth elements (Figs. 6.4a, b) compositions that are typical of zircons that crystallized in a 
continental arc setting, which typically contains enriched mantle melt components (Grimes 
et al., 2007, 2015). The presence of enriched mantle melt components, as recorded in the 
zircon trace-element compositions, is consistent with the juvenile (>+10) and less juvenile 
(+10 to +2) εHfi record (Fig. 6.7a, b, d, e), which plot in or slightly below the continental zircon 
boundary defined by Grimes et al. (2007; 2015). Zircons from Group B in New Caledonia 
show elevated U/Yb and Hf (ppm) values (Figs. 6.4b, 6.7d, e), suggesting that they were 
either derived from highly fractionated melts (increased fractionation leads to higher Hf and 
U/Yb values in zircon) or a source that was enriched in U/Yb and Hf (ppm). Group B zircons 
correspond to low εHfi (< +2), supporting the suggestion that zircon was crystallized from a 
more evolved (more crustal) source (Figs. 6.7d, e). 
In New Zealand, similar zircon εHfi ranges from Central Arc Terranes (Brook Street, Murihiku, 
Dun Mountain-Maitai terranes, and Kaka Point Structural Belt) suggest derivation from rocks 
of similar petrogenesis (Fig. 6.6a), supporting recent cross-terrane provenance links based 
on U/Pb ages and trace-element compositions of zircon (Chapters 3–5). The recognition 
of low mean U/Yb and elevated U/Th and Zr/Hf values for 265–235 Ma zircons (Fig. 6.5a) 
suggest that crystallization occurred in relatively primitive (less evolved/fractionated) 
intermediate–mafic melts (e.g., Claiborne et al., 2006; Grimes et al., 2015; Kirkland et al., 
2015). Primitive, mafic melts and their fractionates are consistent with juvenile (+10) and 
less juvenile (+10 to +5) εHfi during this time period (Figs. 6.7a–c), which plot towards the 
lower end of the continental zircon field and slightly below the continental-oceanic zircon 
boundary defined by Grimes et al. (2007, 2015). 
The upward trend in U/Yb and accompanying downward trend in U/Th and Zr/Hf after 
235–230 Ma (Figs. 6.5a, 6.7c) suggest that zircon was crystallized from more fractionated 
(evolved) igneous sources (Chapters 3–5). Interestingly, the upward shift in average Eu/Eu* 
values between 230–200 Ma (Figs. 6.5a, 6.7c; more shallow anomalies) suggests a period 
of reduced plagioclase participation in the magma history, possibly due to either an increase 
in the depth of differentiation (Trail et al., 2012), or an increase in the H2O concentration 
within the parental melts, which delayed plagioclase crystallization relative to the mafic 
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phases (Keller et al., 2015). Plagioclase separation effects become increasingly obvious in 
the source after 200 Ma (Figs. 6.5a, 6.7c; downward shift in average Eu/Eu*).
In New Caledonia, trace-element compositions in 245-185 Ma zircons clearly show that 
zircon was crystallized from a combination of different melt sources (Fig. 6.5b, 6.7d–f). 
Different melt sources during this period are consistent with juvenile (εHfi > +10), moderately 
juvenile (εHfi between +10 and +4) and more evolved εHfi (< +2; Figs. 6.7a, 6.8). The evolved 
εHfi values are well correlated with low Zr/Hf, Eu/Eu* values and higher U/Yb (Figs. 6.7d–f), 
thus supporting zircon growth in more evolved (fractionated) melts (Claiborne et al., 2006) 
alongside a higher degree of plagioclase fractionation (Trail et al., 2011, 2012). The large 
range of zircon εHfi values, trace-element compositions, and high proportion of zircons 
(onset of extensive Mesozoic magmatism) during this period in New Caledonia is interpreted 
to represent either a heterogeneous mantle source (i.e., lithospheric and asthenospheric 
sources) and/or variable crustal assimilation during magma storage and ascent (Figs. 
6.7d–f). After ~185 Ma, the composition of zircons indicates a more homogenous source 
characterised by juvenile εHfi between +10 and +4, low U/Yb, U/Th and high Zr/Hf and Eu/
Eu* (Figs. 6.7d–f). The cluster of moderately juvenile εHfi between +10 and +4 for zircon 
grains between 235–140 Ma are similar to εHfi analysed from New Zealand zircons (Fig. 
6.8), suggesting detrital sources from the Darran Suite or a coeval, along-strike correlative 
igneous complex on the Lord Howe Rise (Fig. 6.1b). 
6.6.3. Geodynamic evolution of Zealandia 
Temporal changes in zircon trace-element and εHfi compositions have been linked to 
the evolution of magmatic arcs (e.g., Kemp et al., 2009; Barth et al., 2013; McKay et al., 
2017; Chapman et al., 2017). Kemp et al., (2009) argued that such changes correspond to 
‘tectonic switching’, with a relative increase of εHfi being indicative of a retreating arc system 
associated with an outboard migration of subduction zone magmatism during slab retreat 
and associated crustal extension. Conversely, advancing arc system (slab advance) along 
the plate margin is likely to be associated with a decrease in εHfi due to (1) increased crustal 
assimilation during crustal thickening and contraction, (2) underthrusting of fertile crust to 
the melt source region, and/or (3) an inboard shift of the arc magma source region towards 
increased melting of ancient enriched lithospheric mantle (e.g., Kemp et al., 2009; Chapman 
et al., 2017).
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The alternative model to this ‘tectonic switching’, is referred to as ‘quantum tectonics’ by 
Aitchison & Buckman (2012). They advocated a model whereby continental growth along 
the continental margins is primarily triggered by subduction flips and arc-continent collision 
(e.g. Crawford, 2003; Aitchison & Buckman, 2012; Gibson et al., 2015). According to 
this model, εHfi would shift in short time frames to near depleted mantle values due to 
the flip in subduction polarity and the formation of a new island arc. Following island arc 
accretion, derived detrital zircon εHfi isotope compositions would reflect crystallization from 
a heterogeneous source, reflecting melting of juvenile island arc lithosphere and/or ancient 
continental arc lithosphere. 
In order to examine temporal changes in εHfi compositions from Zealandia, we combine our 
new εHfi data with previously published values from New Zealand and New Caledonia (Fig. 
6.8). We use zircon trace-element and εHfi compositions to discuss time periods where both 
plate boundary processes (advancing and retreating subduction systems) and periods of 
terrane arc accretion may have occurred. 
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6.6.3.1. New Zealand
Middle Devonian to early Carboniferous (393–323 Ma) continental arc magmatism 
represented by plutonic rocks in New Zealand occurred in a predominantly contractional 
tectonic setting (e.g., Nelson and Cottle, 2017, 2018), characterised by a wide spread of 
εHfi values (Fig. 6.8). The switch to more dominant juvenile (mantle-like) εHfi values at 
~320 Ma is interpreted to reflect a change to slab retreat, crustal extension and outboard 
migration of the continental magmatic arc, resulting in reduced crustal assimilation due to 
magma ascent through thinner juvenile crust (Kemp et al., 2009; Chapman et al., 2017). 
Slab retreat, crustal extension and oceanward migration of the arc system at 320–280 Ma 
in New Zealand (Fig. 6.8) is consistent with (1) the onset of 320–290 Ma A-type Foulwind 
Suite magmatism (commonly in extensional tectonic settings; e.g. Whalen et al., 1987) in 
the Median Batholith (Allibone et al., 2009), (2) a lack of early Permian igneous rocks in the 
Median Batholith (Mortimer et al., 1999a, b), and (3) the development of an offshore oceanic 
arc (e.g. Brook Street Terrane; Robertson and Palamakumbura, 2019; Chapter 5). 
The large proportion of 265–235 Ma detrital zircons and the spread of trace-element and 
juvenile εHfi (+5 to +14) compositions (Figs. 6.5a, 6.7a–c, 6.8) suggest that slab retreat was 
replaced by slab advance during the middle–late Permian (Chapman et al., 2017). Slab 
advance along the plate margin resulted in the amalgamation of the offshore oceanic Brook 
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Street Terrane arc with the Median Batholith between 288–261 Ma (Fig. 6.8; McCoy-West et 
al., 2014; Robertson and Palamakumbura, 2019; Chapter 5). A combination of amalgamated 
oceanic lithosphere and juvenile crustal sources were partially melted and assimilated to 
form the isotopically primitive I-type Longwood Suite (261–252 Ma) in the Median Batholith 
(Figs. 6.8, 6.9a; Robertson and Palamakumbura, 2019; Chapter 5). Partial melting of both 
oceanic lithosphere and juvenile crustal sources during this period of arc magmatism would 
explain (1) juvenile (+10) and moderately juvenile (+10 to +5) εHfi, (2) the wide spread of U/
Th and Zr/Hf values, indicative of a mix of primitive and more evolved (fractionated) melts 
(e.g., Claiborne et al., 2006; Kirkland et al., 2015), and (3) varying degrees of plagioclase 
participation in the magma history based on the spread of Eu/Eu* values (Trail et al., 2012) 
(Figs. 6.5a, 6.7a–c, 6.8).
The continued downward trend in εHfi (Fig. 6.8) and observed shifts in trace-element 
compositions at 235–200 Ma (Figs. 6.5a, 6.7c) suggest a continued contractional tectonic 
setting until the end of the Triassic (Chapman et al., 2017). Continued crustal assimilation 
and arc thickening led to more fractionated/evolved melts, reflected in the upward trend in 
U/Yb and downward trend in U/Th and Zr/Hf (Figs. 6.5a, 6.7c). This geochemical transition 
in zircon trace-element and εHfi corresponds closely to (1) regional unconformities between 
the Lower–Middle Triassic North Range Group and the Middle–Upper Triassic Taringatura 
Group in the Murihiku Terrane (Campbell et al., 2003a; Chapter 3), (2) an influx of gravel-
cobble size felsic and granitic clasts recorded in Middle–Upper Triassic successions of the 
Murihiku Terrane (Chapter 3); (3) the cessation of sedimentation in the Maitai Group during 
the Middle Triassic (~238 Ma; Chapter 4), and (4) the onset of inboard, more evolved I-type 
Darran Suite plutonism (gabbroic to granitic) in the Median Batholith at c. 232 Ma (Figs. 6.8, 
6.9b; Kimbrough et al., 1993, 1994; Muir et al., 1998; Mortimer et al., 1999a,b; Allibone et 
al., 2009; Chapter 3). 
The upward swings in εHfi during the Jurassic to Early Cretaceous (200–125 Ma) may 
indicate a shift to tectonic relaxation (stationary arc magmatism) and/or slab retreat (Figs. 
6.8, 6.9c). The upward shift in εHfi ratio corresponds to the downward trend in Eu/Eu* values 
(Figs. 6.5a; 6.7c), implying that plagioclase became increasingly present in the source and/
or that plagioclase crystallization occurred during crustal differentiation (thereby depleting 
the melt in Eu2+ prior to or during zircon crystallization). This period corresponds to the 
peak of the magmatic activity in the Darran Suite of the Median Batholith (Fig. 6.8; e.g., 
Kimbrough et al., 1994; Muir et al., 1998; Schwartz et al., 2017; Decker et al., 2017). At ~125 
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Ma, εHfi plummets from a relatively juvenile (positive) compositions to less juvenile/more 
enriched (negative) compositions, signifying episodes of contraction and inboard migration 
of the arc, resulting in melting of enriched continental lithospheric mantle sources and/
or continental crust (Fig. 6.8). These observations support previous studies that suggest 
contraction-related magmatic flare-ups associated with the Separation Point suite in New 
Zealand during the late Early Cretaceous (e.g., Schwartz et al., 2017; Decker et al., 2017).
6.6.3.2. New Caledonia
Upper Permian to Lower Cretaceous sedimentary successions in New Caledonian Central 
Arc Terranes are suggested to have occupied a fore-arc basin tectonic setting adjacent to 
an intra-oceanic island arc system that was isolated from the Gondwana margin (Adams et 
al., 2009c; Cluzel et al., 2012; Campbell et al., 2018). Isolation from a continental source 
in eastern Gondwana has previously been based on (1) Nd–Sr isotope values of Upper 
Triassic to Cretaceous sandstones indicative of magmatic source rocks derived from juvenile 
mantle typical of island arc magmatism (Adams et al., 2009c), (2) marked faunal and floral 
endemism during the Triassic–Jurassic (e.g. Cluzel et al., 2012), and (3) a lack of early 
to middle Permian to Middle Triassic detrital zircons in New Caledonia (Campbell et al., 
2018). However, the recognition of Mesozoic zircon ages and εHfi that might correspond to 
continental arc magmatism similar to the Darran Suite in New Zealand (Fig. 6.8), leads to 
another possible model for New Caledonia.
During the late Permian to Early Triassic, volcanic ash and pyroclastic flows, with subordinate 
rhyolite, andesite and basalt were deposited in the Téremba Terrane, in a proximal fore-arc 
basin depositional environment (Adams et al., 2009c; Cluzel et al., 2012; Maurizot et al., 
2018). Arc magmatism during this period was likely oceanic (primitive), separated from the 
Gondwana convergent plate margin by a back-arc marginal basin (Fig. 6.9a). Primitive arc 
magmatism and isolation from the Gondwana margin is consistent with both Nd isotope 
geochemistry of a single dacite sample that yielded a Nd back-calculated age of 250 Ma and 
εNdi ratio of +6.9 (Meffre 1995), and the lack of zircon grains recorded in upper Permian–
Lower Triassic volcaniclastic sedimentary successions (Adams et al., 2009c; Campbell et 
al., 2018). Tentative correlations have been drawn to the oceanic Brook Street Terrane arc 
in New Zealand on the basis of similarities in petrology and geochemistry of basal Permian 
basalt successions (e.g. Spandler et al., 2005), but the basal basaltic rocks of the Téremba 
Terrane are late Permian (Campbell et al. 1985) and not early Permian, which is the age of 
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the basaltic rocks in the Brook Street Terrane (Houghton 1981). 
The variability in zircon εHfi and wide spread of trace-element compositions during the Middle–
Late Triassic (240–200 Ma) indicate that magmatism transitioned from oceanic (primitive) 
source to melting of a heterogeneous mantle source (lithospheric and asthenospheric 
sources). This change corresponds closely in time with (1) a Middle Triassic (247–227 Ma) 
unconformity in the Téremba Terrane (Campbell et al., 2018), (2) the onset of extensive 
Upper Triassic–Lower Cretaceous volcaniclastic sedimentary deposition in the Téremba 
and Koh–Central terranes (Fig. 6.2), (3) more diverse Nd isotope values (+1.8 < εNdi < 
+5.9) of volcaniclastic sedimentary rocks (Adams et al., 2009c), and (4) the occurrence 
of abundant Mesozoic (240–160 Ma) and older Paleozoic to Proterozoic (300–2000 Ma) 
zircon age components characteristic of eastern Gondwana magmatism (e.g., Lachlan and 
New England orogens; Adams et al., 2009c; Campbell et al., 2018). We propose that these 
observed geological, geochronological and geochemical shifts occurred during a phase 
of contraction during the Middle–Late Triassic (247–227 Ma), corresponding to the major 
unconformity preserved in the Téremba Terrane. This phase of contraction likely resulted 
in closing of a back-arc marginal basin and accretion of the late Permian to Early Triassic 
oceanic island arc to the continental margin (Figs. 6.8, 6.9b). 
While we constrain this accretion event to the Middle–Late Triassic (247–227 Ma), melting of 
a mix of juvenile and evolved crustal sources based of εHfi and trace-element compositions 
continued until the Late Triassic–Early Jurassic (~185 Ma) (Figs. 6.7f, 6.8). Trace-element 
compositions (Group B zircons) and more evolved εHfi can be explained by recycling/re-
melting of Gondwanan (500–600 Ma) and Grenvillian (900–1300 Ma) aged continental crust 
(e.g. Proterozoic lithospheric mantle) or Gondwanan sedimentary derivatives (assuming a 
Lu/Hf = 0.0115; Rudnick and Gao, 2003) (Fig. 6.8). 
6.6.3.3. Geodynamic implications for the episodic behavior and crustal growth 
U/Pb ages, trace element and εHfi values of detrital zircons from Zealandia fore-arc 
basement terranes highlight complex interactions between different geodynamic processes 
along the Gondwana margin during the Paleozoic–Mesozoic. For example, the secular 
trends in zircon trace element and εHfi values from the Devonian to Cretaceous in New 
Zealand reflect phases of slab-advance and slab-retreat of the subduction system along the 
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convergent plate margin, resulting in the inboard and outboard migration of arc systems. 
Such geodynamic processes are consistent with the proposed ‘tectonic switching’ model 
for the growth of accretionary orogens in the Tasmanides of eastern Australia (e.g., Collins 
2002a,b; Kemp et al., 2009; Phillips et al., 2011; Nelson and Cottle, 2018). In contrast, crustal 
growth processes based on the detrital zircon record in New Caledonia are more aligned 
with the ‘quantum tectonics’ model proposed by Aitchison & Buckman (2012), recording the 
accretion of an oceanic island arc system to the continental margin during the Middle–Late 
Triassic (Figs. 6.8, 6.9). Accretion of this oceanic island arc system triggered extensive 
Mesozoic magmatism, recording melting of an accreted juvenile island arc lithosphere (e.g. 
Téremba Terrane arc) and continental arc lithosphere on the basis of trace element and Hf 
isotope compositions of zircon (Figs. 6.7, 6.8)
Middle–Late Triassic orogenesis and accretion of the oceanic Téremba Terrane arc to the 
Gondwana margin overlaps with the last orogenic phase during the 265-230 Gondwanide 
Orogen. The Gondwanide Orogeny is thought to comprise a number of distinct ‘pulses’ 
of contractional deformation and continental arc magmatism (e.g. Collins 1991, Holcombe 
et al. 1997b, Hoy & Rosenbaum 2017, Rosenbaum 2018), resulting in substantial crustal 
thickening and enhanced foreland loading along eastern Gondwana (Fielding et al., 1997; 
Holcombe et al., 1997a; Korsch & Totterdell, 2009; Waschbusch, Korsch, & Beaumont, 
2009). Middle–Late Triassic orogenesis and slab advance during the Gondwanide Orogeny 
is recorded locally in New Zealand Central Arc Terranes (Fig. 6.8; e.g. Chapter 3–4), and 
the New England Orogen (Fig. 6.1b; commonly referred to as the Hunter-Bowen Orogeny), 
which resulted in uplift, regional angular unconformities, and the emplacement of I-type 
granitoids (Hoy and Rosenbaum, 2017). 
The recognition of different geodynamic processes responsible for Middle-Late Triassic 
orogenesis throughout multiple sectors of the southwest Pacific region (i.e. New Zealand, 
New Caledonia and east Australia) has implications for crustal growth processes along the 
paleo–Pacific margin of Gondwana. Previous authors have suggested that orogenesis and 
continental crustal growth within the Gondwanide orogeny were driven by accretion of exotic 
terranes to the Gondwanan margin (e.g., Vaughan and Pankhurst, 2008; Aitchison and 
Buckman, 2012). While we show new evidence for arc accretion in the southwest Pacific 
region (New Caledonia), it seems unlikely that terrane accretion was solely responsible 
for orogenesis and crustal growth along the length of the Gondwanide Orogen (Fig. 6.1a; 
~18000 km). Furthermore, there is no evidence for terrane accretion during the Middle–Late 
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Triassic in eastern Australia and New Zealand (Fig. 6.9).
In the absence of major events of terrane accretion, it is possible that changes in arc 
magmatism, uplift, deformation and terrane accretion along the paleo-Pacific margin of 
Gondwana (e.g. East Antarctica, West Antarctica, South America) during the Middle–Late 
Triassic have been controlled by larger-scale orogenic cycles related to a global plate 
reorganization event. For example, Middle–Late Triassic orogenesis in eastern Australia 
and New Zealand during the last phase of the Gondwanide Orogeny at 235–230 Ma are 
suggested to be in response to a global plate reorganization event, which led to a period of 
slab advance and increased convergence of the subduction system (Hoy and Rosenbaum, 
2017; Chapter 3–4). Evidence for terrane accretion in New Caledonia suggests episodes 
of continental crustal growth during the Gondwanide Orogeny were in response to a 
combination of different geodynamic processes linked to this plate-scale reorganizational 
event that occurred along the length of the paleo-Pacific margin of Gondwana. 
6.7. CONCLUSION
Petrochronology of detrital zircons from fore-arc basement terranes (Central Arc Terranes) 
in Zealandia provides new insights into the geodynamic processes that occurred along the 
paleo-Pacific margin of Gondwana. Secular trends in zircon trace-element and εHfi values 
suggest that Devonian–Cretaceous magmatism and crustal growth in New Zealand resulted 
from long-lived subduction and recycling of the continental margin. This subduction zone 
was subjected to occasional switches from trench advance to trench retreat. In contrast, the 
detrital zircon record in New Caledonia shows evidence of terrane accretion, associated with 
the accretion of an oceanic island arc system to the Gondwana margin during the Middle–
Late Triassic. Middle-Late Triassic orogenesis identified throughout multiple sectors of the 
southwest Pacific region overlap with the 265-230 Ma Gondwanide Orogen. The recognition 
of different geodynamic processes that might have initiated Middle-Late Triassic orogenesis 
in different sectors of the southwest Pacific region suggests that crustal growth occurred in 
response to a larger-scale plate reorganization event.
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FOREWORD: DISCUSSION AND CONCLUSIONS
This chapter summaries the conclusions drawn from this thesis, provides brief reflections on 
relevant key issues, and discusses several possible topics for future works. 
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7. DISCUSSION AND CONCLUSIONS
7.1. INTRODUCTION
This thesis aimed to provide insights into geodynamic processes that occurred along 
the Paleozoic–Mesozoic convergent margin of eastern Gondwana. This has been done 
by investigating several fore-arc basement terranes (Central Arc Terranes) that are now 
preserved in New Caledonia (Téremba and Koh-Central terranes) and New Zealand 
(Brook Street, Murihiku, Dun Mountain-Maitai terranes, and Kaka Point Structural Belt). 
By integrating structural, petrographic, geochronological, and geochemical data from early 
Permian to Early Cretaceous igneous and sedimentary rocks from these terranes, I was able 
to provide (1) new age constraints on the accretion of island arc systems to the Gondwanan 
margin (e.g. Téremba Terrane arc), (2) insights into the provenance and tectonic setting 
of upper Permian–Lower Cretaceous fore-arc basins terranes in Zealandia, and (3) better 
understanding of the geodynamics of subduction processes along this sector of the eastern 
Gondwanan margin.
7.2. CONCLUSIONS ON THE ORIGIN, TECTONIC SETTING AND   
EVOLUTION OF ZEALANDIAN CENTRAL ARC TERRANES
Based on geochronological data presented in Chapter 5 and 6, it is concluded that the 
early Permian igneous and sedimentary succession of the Brook Street Terrane (Takitimu 
Group) developed as an offshore oceanic-type arc during a phase of early Permian trench 
retreat and back-arc extension. This process led to a temporal isolation of the Brook Street 
Terrane from the Gondwanan margin (Chapter 5). Back-arc crustal extension along this 
segment of the Gondwanan margin is consistent with (1) the onset of 320–290 Ma A-type 
Foulwind magmatism in the Median Batholith, (2) the lack of early Permian igneous rocks 
in the Median Batholith, and (3) the secular shift from evolved (crustal-rich) εHfi isotopic 
compositions to juvenile isotopic compositions (Chapter 6). The new age of the White 
Hill Intrusive Suite, 288.4 ± 6.0 Ma, coincides with the inferred biostratigraphic age of the 
Takitimu Group (290.1–272.3 Ma), and is substantially older than the timing of magmatism 
in the Longwood Suite (261–252 Ma) of the Median Batholith. This new emplacement age 
for the White Hill Intrusive Suite is spatially and temporally linked to the allochthonous arc 
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of the Brook Street Terrane, which was amalgamated to the Gondwanan margin at 288–261 
Ma (Chapter 5).
Geochronological and geochemical data presented in Chapters 4 and 6 show that upper 
Permian sedimentation in the Murihiku Supergroup (Kuriwao Groups) and Dun-Mountain-
Maitai Terrane (Tramway Formation) likely initiated shortly after the accretion of the Brook 
Street Terrane onto the eastern Gondwanan margin between 288–261 Ma (Chapters 4–6). 
On the basis of cross-terrane provenance links in detrital zircon ages and trace-element 
geochemistry, it is concluded that upper Permian sedimentary rocks in the Brook Street 
Terrane, Murihiku Supergroup, and Maitai Group received detritus from the late Permian 
Longwood Suite (Chapters 3–5). The results thus indicate that during the late Permian, the 
Brook Street Terrane, Murihiku Supergroup, and Maitai Group were linked to each other and 
likely represented proximal and distal parts of the same fore-arc basin. Zircon ages, trace-
element geochemistry, and Hf isotope data presented in Chapters 3–6 indicate continued 
localized source regions (e.g., Longwood and Darran suites of the Median Batholith) and 
cross-terrane provenance links until the Early Cretaceous for Central Arc Terranes in New 
Zealand. The new data (Chapters 3–6) do not support models that have invoked more 
distant or exotic sources for the Central Arc Terranes in New Zealand. 
In New Caledonia, upper Permian to Lower Cretaceous volcaniclastic successions in the 
Téremba and Koh-Central terranes likely represent the proximal and more distal (deeper) 
offshore parts of the same fore-arc basin system, respectively (Cluzel et al., 2012; Campbell 
et al., 2018). During the late Permian and Early Triassic, the Téremba Terrane received 
detritus from an oceanic island arc system that was isolated from the Gondwanan margin. 
The recognition of geological, geochronological and geochemical shifts at the Middle–Late 
Triassic suggests that this oceanic island arc system was accreted to the continental margin 
at 247–227 Ma (Chapter 6). Accretion of this oceanic arc to the Gondwanan margin resulted 
in extensive Mesozoic magmatism, as indicated by the detrital zircon record from Upper 
Triassic to Lower Cretaceous volcaniclastic successions (Chapters 2 and 6). Geochemical 
evidence (Chapter 6) from 235–140 Ma detrital zircon grains from New Caledonia shows 
strong similarities to Hf isotope compositions from zircon grains of the same age in New 
Zealand Central Arc Terranes (e.g., Brook Street and Murihiku terranes). These similarities 
in Hf isotope signatures suggest that these terranes received detritus from the Darran Suite 
or a coeval along-strike correlative igneous complex (in the Lord Howe Rise). Connectivity 
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with the Gondwanan margin during the Late Triassic–Early Cretaceous is also supported 
by abundant older Paleozoic to Proterozoic (300–2000 Ma) zircon age components, which 
likely represent periods of magmatism in eastern Gondwana (Chapters 2 and 6). 
7.3. SUBDUCTION GEODYNAMICS ALONG THE GONDWANAN MARGIN
According to this thesis, variations in detrital zircon ages, trace-element compositions, and 
Hf isotope compositions reflect spatial and secular variations in arc magmatism that are 
linked to changes in subduction dynamics. The results show that these datasets provide a 
reliable record of subduction processes that affected segments of the Gondwanan margin. 
Chapter 3 shows that the detrital fingerprint from upper Permian to Middle Triassic successions 
in the Murihiku Terrane is characterized by unimodal age spectra (260–245 Ma). In contrast, 
Upper Triassic to Lower Jurassic rocks are characterized by polymodal age spectra, 
containing both older (380–240 Ma) and younger (240–145 Ma) detrital zircon ages. The 
235–230 Ma switch in the detrital zircon age spectra and provenance overlaps with a shift in 
the trace-element and Hf isotope record from New Zealand Central Arc Terranes (Chapters 3 
and 6). These observed geochronological and geochemical shifts in the Middle–Late Triassic 
correspond to (1) unconformities between the Lower–Middle Triassic North Range Group 
and the Middle–Upper Triassic Taringatura Group in the Murihiku Terrane (Chapter 3), (2) 
an influx of gravel-cobble size felsic and granitic clasts recorded in Middle–Upper Triassic 
successions of the Murihiku Terrane (Chapter 3), (3) the cessation of sedimentation in the 
Maitai Group during the Middle Triassic (~238 Ma; Chapter 4), and (4) the transition from the 
Longwood Suite (261–252 Ma) to the more inboard Darran Suite magmatism (232–125 Ma) 
in the Median Batholith (Chapter 3 and 6). In Chapter 6, geochemical signatures of detrital 
zircon from New Caledonia Central Arc Terranes suggest the onset of extensive Mesozoic 
(235–140 Ma) magmatism involved a combination of juvenile and evolved crustal sources. 
Such geochemical signatures were interpreted to reflect the accretion of a late Permian to 
Early Triassic oceanic arc system (Téremba Terrane arc) to the Gondwana margin during a 
phase of Middle–Late Triassic contraction (Chapter 6). 
Geochronological, geochemical and geological shifts recorded in fore-arc basement terranes 
in New Zealand and New Caledonia correspond with a phase of orogenesis recorded in 
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eastern Australia (Hunter-Bowen Orogeny) at 235–230 Ma. Changes in arc magmatism, 
uplift, deformation and terrane accretion throughout multiple sectors of the southwest Pacific 
during the Middle–Late Triassic marks a large-scale secular change within the Gondwanide 
Orogen, likely in response to a plate reorganization event (Chapters 3–6). 
7.4. SUGGESTIONS FOR FURTHER RESEARCH
Outcomes of this thesis can lead to a number of proposals for future research. 
7.4.1. Fingerprinting magmatic sources along the Gondwanan margin
The geochronological (U/Pb ages) and geochemical (trace–element and Hf isotope 
compositions) record of detrital zircon has provided new insights into the origin, tectonic 
setting, and provenance of Central Arc Terranes in New Zealand and New Caledonia. 
While a fore-arc basin tectonic setting and localized magmatic source region is proposed 
for Central Arc Terranes, additional work into fingerprinting magmatic sources is needed to 
further refine tectonic models for the Gondwanan margin. Continued investigation into U/
Pb zircon ages and corresponding geochemical signatures (trace-element and Hf isotope 
compositions) from magmatic rocks in the adjacent Tuhua Intrusives is required to better 
fingerprint magmatic sources and establish source-to-sink relationships. Furthermore, 
additional age constraints from submerged basement blocks of Zealandia (e.g. Lord Howe 
Rise) could further elucidate relationships between Central Arc Terranes in New Zealand 
and New Caledonia. 
7.4.2. Along-strike variations in arc magmatism and crustal growth processes 
In this thesis, I have demonstrated that U/Pb zircon ages, trace-element data, and Hf isotope 
compositions can be used to investigate geodynamic processes that occurred along the 
Gondwanan margin. In New Zealand, secular trends in zircon trace-element and εHfi are 
shown to reflect periods of slab advance and slab retreat along the plate margin (Chapter 
6). Such geodynamic processes are consistent with the proposed ‘tectonic switching’ model 
for the growth of accretionary orogens in the Tasmanides of eastern Australia (Chapter 6). 
In contrast, the detrital zircon record in New Caledonia suggests continental crustal growth 
processes involved accretion of an oceanic island arc system onto the Gondwanan margin 
153
Chapter 7 
during the Middle–Late Triassic. Whether similar geochemical signatures and geodynamic 
processes are recorded in zircon from Paleozoic–Mesozoic sedimentary terranes in 
Antarctica, Africa and South America remains unclear. Geochronological and geochemical 
investigation of zircon from these regions could further elucidate periods in which the 
Gondwanan margin became tectonically sectored in response to along-strike variations in 
subduction dynamics (e.g., slab retreat or slab advance) or terrane accretion. 
7.4.3. Application of similar methodologies to other sedimentary basins
The methodological approaches used in this thesis can be used to investigate paleogeography 
and geodynamic processes recorded in other sedimentary basins, especially when 
remnants of adjacent orogenic belts are no longer preserved. For example, central and 
southern Australia are composed of a number of Neoproterozoic–Paleozoic sedimentary 
basins (e.g., Georgina Basin, Amadeus Basin, Officer Basin, Adelaide Rift Complex) which 
formed during the assembly and break-up of the Rodinia continent, but the source regions 
and geodynamic processes recorded in these basins is still debated. Establishing the 
combined geochronological and geochemical record of these basins through the use of 
detrital zircon would shed light on (1) the intra-basin variations in provenance, (2) along-
strike variations in source regions, (3) geodynamic processes associated with changes in 
subduction dynamics, and (4) similarities and/or differences to other Proterozoic basins 
preserved elsewhere around the world (e.g. in Africa). Ultimately, such a study could shed 
light into the geodynamic processes associated with the assembly and break-up of Rodinia. 
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